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ERRATA: McMlirinal Chemistry, Vol uine I 


Piige 177. 
Page 202. 
Page 2.^8: 
I’age 239. 

Page 290. 

Page 298. 
Page 307. 
Page 310, 


formula i\I..S6>: add CH; lo 

fuiniiila for No^■a^^)irin: add (,OjH in orlho position of benzene l ing at left 
(liange “VERATRINE” to “VERATKl M” in fir^t heading, 
line 11. compound should read: 2-niethyb5.9.9-dinielhox\furanochromonr 
Figure 1. louer left: change “Sacial” to “Sacral.” 

last line: change “aminopropanol” to “aminopropane.” 

Section a: change “Nethacol” to “Nelhamine.” 

second line of etpiations: insert “CHlCH.l” in both compounds, 
left-hand foriiiiila. third line of equations, should read: 

CHCH.CH (NHCOCfL) CH 

line 2 of text below equations, compound should read: N-acet> lamphelamine. 

formula (XXII-lSi : omit the two subscripts r, following the parentheses, 
line 6 above footnotes, compound should read: 
2,.‘>-bis-methylaniino-])-benzoquinone. 

line 2 above formula iXXin-56): change “choline benzilale” to 

“benzilyloxyelhyldimethyleth>lammonium chloride.” 
formula tXXIII-56). change lo: 

fCJI.)..C(OH)CO..(CH.).N-^(C:H.) fCHd:*Cl- 

Page 443, line 3: (!)iange “his” to “her.” 

line 7; Change “He” to “She.” 

Section e: Omit “Thenfadil.” 


Page 398. 
Page 399, 

Page 426, 


Page 449, 
Page 451: 
Page 452, 
Page 466, 


Omit “Thenfadil.” 

Omit “Hydrillin” from first col umn 
line 12: Change "late” to “lenale.” 
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PREFACE 


Interest in medicinal chemistry has been high during the last two 
decades all over the world, and particularly in the United States. It has 
been stimulated by improved methods of clinical diagnosis and the en¬ 
suing demands for new corrective and curative agents, by the need for 
better medicinals in the treatment of the growing number of aged indi¬ 
viduals, by the urgency of wartime search for anti-infectious drugs, by the 
greater stature of pharmacological theories, and by the unprecedented 
expansion of the American pharmaceutical industry. The elucidation of 
the structure of most vitamins, and of many endocrine products, and the 
beginning of an appreciation of their biochemical mechanism of action have 
contributed to the rapid development of this field. There is barely a meeting 
of learned societies in the chemical, biological or medical sciences at which 
some thoughts and facts about drugs are not discussed in countless papers 
and symposia, and the increasing number of participants in these meetings 
has taxed the capacity of even large auditoriums. More and more young 
scientists are turning to the manufacturing, testing and theoretical study 
of medicinals as a productive and intellectually rewarding occupation. 

It appears timely to present a treatise on medicinal chemistry as a 
survey of various phases of the field, and as a contribution to its future 
development. Individual monographs dealing with specific classes of drugs 
have been published in adequate numbers and afford the opportunity of 
complete bibliographies of the respective fields. Several recent excellent 
books on fundamental theories of chemotherapy have unified our ideas of 
drug action. Good texts explaining the most important facts about use¬ 
ful drugs to students of pharmacy are also available. This treatise is 
addressed principally to the more advanced reader, and hopes to familiarize 
him with past achievements of medicinal chemistry, with current thoughts 

and hypotheses, and with the direction of needed research in the whole 
field. 

It IS obvious that one individual cannot hope to possess a complete 
and detailed knowledge of a vast and diversified borderline field. The 
presentation of all details by a cooperative effort of specialists would fill 
twenty volumes instead of the two allotted to this book. The author will 
be grateful to his readers for pointing out any errors in fact or interpreta¬ 
tion, and for suggesting improvements of the text for future use. Several 
sections of the book have been read by other chemists. Dr. William L. 


Vll 



Vlll 


PREFACE 


Truett has read the introductory chapters; Dr. Richard O. Roblin has 
critically read Chapter XXXII; and Dr. James W. Cole has made help¬ 
ful suggestions and additions to Chapter XLI. The author is grateful for 
their assistance, and also for Dr. Hans R. Rosenberg’s review of Chapter 
XXVIII. The latter has also facilitated the composition of this chapter 
by granting permission for the broad use of his monograph, The Vitamins, 
and his chapter in The Chemistry and Technology oj Food and Food Products. 
The whole text has been read by Mr. David F. Hinkley. Dr. Leo Stevens 
of Philadelphia has called the author’s attention to many important ref¬ 
erences in the biological literature. The Publisher’s staff has aided tire¬ 
lessly with helpful suggestions and advice. 

In the course of preparing the manuscript, a number of books were 
consulted freciuently and the author wishes to take this opportunity to 
express his indebtedness to the following sources: Frankel, Die 
Arzncimittelsynthese, sixth edition, 1927; Slotta, Grundriss der Modernen 
Arzneistoff-Synthese, 1931; I. G. Farbenindustrie, Medicine in Its Chemi¬ 
cal Aspects, 1933; Fischl and Schlossberger, Handbuch der Chemotherapie, 
1935; Small, Mosettig, Eddy and Himmelsbach, Studies on Drug Addic¬ 
tion, 1938; Rosenberg, Chemistry and Physiology of the Vitamins, 1945; 
Wiselogle (editor), Survey of Antimalarial Drugs, 1947; Bovet and Bovet- 
Nitti, Medicaments du Systeme Nerveux Vegetatif, 1948; Northey, 7'he 
Sulfonamides and Allied Compounds, 1948; Fieser and Fieser, Natural 
Compounds Related to Phenanthrene, third edition, 1949; Henry, The Plant 
Alkaloids, fourth edition, 1949; and Work and Work, The Basis of Chemo¬ 
therapy, 1949. 

A short index serving as a guide to the most important data presented 
in the first twenty-eight chapters appears at the end of Volume I. A 
comprehensive index for both volumes will be found at the conclusion of 
Volume II. 

This book has been written in the author’s spare time, after a full 
load of teaching and research, between the Fall of 1947 and Spring of 1951. 
The writer’s wife, Frances Page Burger, deserves thanks for not minding 
too much twelve hundred quiet evenings while the manuscript was being 
prepared. 


Charlottesville, Virginia 
Apnl, 1951 


Alfred Burger 



CONTENTS 


Volume I 

Preface.vii 

I. Introduction. 1 

I. The Scope of This Book. 2 

1. Structure and Enzyme Inhibition. 4 

2. Arrangement of Drugs on the Basis of Their Medicinal Use. 4 

II. The Naming of Organic Medicinals. 5 

II. Historical Development of Medicinal Chemistry. 8 

III. Relation of Chemical Structure and Biological Activity. 27 

1. Relations in Homologous Series. 28 

II. The Effects of Certain Structural Groups. 30 

1. Reactivity and Intensity of Action. 31 

a. Alkyl Groups. 31 

b. Amines. 32 

c. Alcohols and Phenols. 33 

d. Aldehydes and Ketones. 33 

e. Acids. 34 

f. Halogens. 34 

IV. Physical Properties and Biological Activity. 36 

I. Isosterism. 35 

1 . Theories of Isosterism. 38 

a. Early Explanations. 38 

b. The Hydride Displacement Law. 39 

c. Steric Factors. 40 

2. Other Physical Properties. 42 

3. Effects of Isosteres on Reactivity. 43 

4. Classification of Isosteres. 43 

5. Biological Activity of Isosteres. 44 

V. Biological Study of Drugs. 

I. Drugs as Enzyme Inhibitors. 51 

II. Pharmacological Study of Drugs. 54 

1. Absorption, Distribution and Excretion. 56 

Enteric Coating of Drug Tablets. 58 

2 . Toxicity Studies. 5 g 

3. Metabolic Studies. 60 

III. Chemotherapeutic Testing. 61 

1. In Vitro Tests. 61 

2. In Vivo Tests. 62 

ix 







































X 


CONTENTS 


VI. Restricted Response of Cells to Drugs. 64 

I. Tachyphylaxis. 65 

II. Habituation. 65 

III. Tolerance. 66 

IV. Acquired Resistance. 66 

1. Resistance to Sulfonamide Drugs. 68 

2. Resistance to Streptomycin. 70 

3. Resistance of Trypanosomes to Drugs. 70 

VII. General Anesthetics. 73 

I. Introduction. 73 

II. Theories of Anesthesia. 74 

1. The Overton-Meyer Theory. 75 

2. Colloid Theories. 77 

3. Anesthetics as Enzyme Inhibitors. 77 

III. The Brain and the Nerves. 78 

1. Nervous Structures. 79 

IV. Medicinal Aspects of Anesthetics. 80 

1. Volatile Anesthetics. 81 

Methods of Administration. 81 

2. Ether and Chloroform. 81 

3. Ethylene. 82 

4. Divinyl Ether. 82 

5. Other Volatile Anesthetics. 83 

6 . Cyclopropane. 83 

7. Nitrous Oxide. 84 

V. Preanesthetic Medication. 84 

1. Scopolamine. 84 

2. Avertin. 85 

VI. Barbiturates as Anesthetics. 86 

VII. Spinal Anesthesia. 86 

VIII. Local Anesthetics. 87 

I. Theories of Action. 87 

II. Tests and Methods of Application. 89 

III. Cocaine. 90 

1. Variations of Structure. 90 

a. Tropane Derivatives. 90 

b. The Eucaincs. 91 

IV. Benzocaine. 92 

V. Procaine . 94 

1. Derivation and Synthesis. 94 

2. Structural Variations. 95 

a. Changes in the Ring. 98 

b. Changes in the Side Chain. 100 

c. Steric Effects. 102 

VI. Nupercaine. 102 

1. Chemistry and Application. 102 

2. Similar Amides and Esters. 105 


















































CONTENTS 


XI 


VIII. Local Anesthetics {continued) 

3. Ureas, Amidines, Guanidines. 106 

4. Urethans. 106 

VII. Alkylisoquinoline Aminoalkj'l Ethers. 107 

VIII. Amines, Amino Alcohols and Amino Ketones. 108 

IX. Nitrogen-Free Local Anesthetics. 112 

IX. Hypnotics and Sedatives. 113 

I. Testing Methods. 113 

II. Early Hypnotics. 114 

III. The Barbiturates. 114 

1. General. 114 

2. Synthesis of Barbituric Acids. 118 

3. Relation of Structure and Activity. 121 

4. Effect of Chemical and Physical Properties. 124 

5. Thiobarbiturates. 126 

6 . Metabolism of Barbiturates. 127 

IV. Alcohols as Hypnotics. 129 

V. Aldehydes and Ketones. 130 

VI. Amides, Ureas and Biurets as Hypnotics. 131 

VII. Urethans. 133 

VIII. Hydantoins, Pyridones, Pyrrolidoncs, and Thiazolidones. . .. 135 

IX. Aliphatic Disulfoncs as Hypnotics. 135 

X. Scopolamine. 136 

X. Anticonvulsant Drugs . 138 

I. Convulsions and Epilepsy. 138 

II. Assay of Anticonvulsant Drugs. 140 

III. The Barbiturates. 141 

IV. The Hydantoins. 144 

1. Derivatives and Their Functions. 144 

2 . Synthetic Methods. 146 

V. Oxazolidinediones. 148 

VI. A Structure-Action Hypothesis. 150 

VII. Other Anticonvulsants. 150 

XI. Analgetics. 152 

I. Pain and Relief from Pain. 152 

II. Tests for Analgetic Drugs. 153 

III. Morphine and the Opiates. I 57 

1. Opium Alkaloids. I 57 

2. Structural Variations. I 59 

a. Dilaudid, Dicodid, Eucodal. 160 

b. The Work of Small and Eddy. 160 

Metopon. jgl 

3. Hypotheses Concerning the Mode of Action of Morphine... 165 

IV. Synthetic Analgetics. 157 

1. Derivatives of Phenanthrene and Related Ring Systems... 167 

2 . Apomorphine and Papaverine. 159 

3 . The Ether Bridge. I 70 














































Xll 


CONTENTS 


XI. Analgetics {continued) 

4. Demerol. 

5. Derivatives of 4-Piperidinol. 

6 . The Experiments of Dodds. 

7. Lee’s Studies. 

8 . Methadon. 

V. Morphinan Derivatives. 

VI. Other SjTithetic Analgetics. 

1 . Pyridine Derivatives. 

2 . Phthalidyl Aminoalkanes. 

3. Ethanol. 

4. Diethylaminoethanol. 

5. Tridion. 

•Wll. The Antipyretic-Analgetics. 

1 . Pyrazolone Derivatives. 

2 . Derivatives of Aniline and Aminophenol. 

3. The Salicylates. 

4. Quinolirie Derivatives. 

VIII. Analgetics in Arthritis. 

XII. Analeptics. 

I. Introduction. 

II. Picrotoxin. 

III. Metrazol. 

IV. Strychnine. 

V. The Xanthines. 

VI. Coramine. 

VII. Analeptic Inhibitors of Autonomic Ganglia. 

VIII. Camphor. 

IX. Pressor Drugs as Analeptics. 

X. Chlorophyll as a Therapeutic Agent. 

XIII. Cardiovascular Drugs. 

I. Digitalis. 

1. Pharmacological Properties and Clinical Uses. . 

2 . Chemistry. 

a. The Monosaccharide Moieties. 

b. The Aglycones (Genins). 

(1) Structure. 

( 2 ) Synthesis of Cardiac Genins. 

3. Toad Poisons. 

4. Structure and Cardiotonic Activity. 

II. Veratrine Alkaloids. 

III. Khellin and Visnagin. 

IV. The Nitrites. 

V. Sparteine. 

XIV. Parenteral Fluid Therapy. 

I. Salt Solutions. 

11. Polyvinylpyrrolidone. 

III. Polyvinylpyrrolidone as Retarding Vehicle. 

IV. Dextran. 



. 208 
. 208 
. 210 
. 211 
- 213 
. 214 
. 216 
. 217 
. 218 
. 219 
. 220 

. 221 
. 222 
. 222 
, 223 
. 225 
. 225 
. 225 
230 

234 

235 
238 
238 

240 

241 

242 

242 

243 

244 

245 



















































CONTENTS 


Xlll 


XV. Diuretics. 240 

I. Urea and Urea Derivatives. 246 

II. Purine Derivatives. 248 

1. Theophylline. 248 

a. Manufacture. 248 

b. Application. 250 

2. Other Purines. 250 

III. Mercurial Diuretics. 251 

IV. Antidiuretics. 255 

XVI. Anticoagulants. 256 

I. Functions and Uses. 256 

II. Heparin. 258 

III. Dicumarol. 260 

1. Origin, Synthesis and Function. 260 

2. Structural Variations. 263 

XVII. Drugs Eliciting Symptoms in the Gastro-intestinal Tract— 265 

I. Appetite Stimulants. 265 

II. Antiappetite Drugs {.\norexics). 265 

III. Toxic Drugs as Weiglit Reducing Agents. 266 

IV. Gastric Antacids and Digestants. 267 

V. Antabuse (Abstinyl). 268 

VI. Constipating Agents. 269 

1. Bulky Constipants. 269 

2. Opium and Cotoin. 269 

3. Astringents. 270 

VII. Cathartics and Emetics. 271 

1. Cathartics. 271 

a. Anthraquinone Cathartics. 272 

b. Phenolphthalein. 275 

c. Cathartic Resins. 278 

d. Podophyllum. 279 

' e. Irritant Cathartic Oils. 280 

*.^111. Emetics. (^281 

IX. Anti-emetics. 

XVIII. Expectorants. 283 

I. Sedative Expectorants. 283 

II. Anodyne Expectorants. 284 

III. Stimulant Expectorants. 284 

1. Terpenoid Oils. 284 

2. Creosote, Guaiacol and Creosol. 286 

XIX. Adrenergic Drugs. 289 

I. Introduction to Autonomic Drugs. 289 

1. The Autonomic Nerves. 289 

2. Acetylcholine. 291 

3. Epinephrine and Norepinephrine. 292 

4. Physiological Action of Autonomic Drugs. 294 

II. The Sympathomimetic Amines. 294 

1. The Work of Barger and Dale. 294 

2. Formation from Proteins. 295 



















































CONTENTS 


XIV 


XIX. Adrenergic Drugs {continued) 

3. Epinephrine. 

4. Amine Homologs of Epinephrine. 

5. Ephedrine. 

6 . Homologs and Analogs of Ephedrine. 

a. Nethacol. 

b. Neosj’nephrine. 

c. Propadrine. 

d. Suprifine. 

e. Cobefrine. 

f. Butanefrine. 

7. Benzedrine. 

8 . Benzedrex. 

9. Mephentermine. 

10. Mescaline. 

11. Pervitin. 

12 . Vonedrine. 

13. Paredrine. 

14. Veritol. 

15. Orthoxine. 

16. Tyramine. 

17. Hordcnine. 

18. Epinine. 

19. Isoquinoline Derivatives. 

20. Priscoline and Privine. 

III. Pharmacological Properties and Therapeutic Uses. 

1. Effects on Blood Pressure. 

a. Methods and Applications. 

b. Essential Hypertension. 

c. Potentiation of Pressor and Depressor Effects. 

d. Local Vasoconstriction. 

2. Effect on Bronchospasm. 

a. General. 

b. Isuprel. 

c. Derivatives of 1-Phenylcthylenediamine. 

IV. Analeptic Effects. 

V. Enzymatic Inactivation of Phenethylamines. 

1. In VilTO Studies. 

2 . In Vivo Studies. 

3. Detoxication of Catechol-Type Pressor Amines. 

4. Differences in Activity Due to Stereoisomerism. 

VI. Chemical Structure and Adrenergic Action. 

1. /3-Arylethylamine Derivatives. 

2. Aliphatic Pressor Amines. 

VII. Dialkylamino Alkoxy-, Alkylthio-, and Alkylamino-Aryl 

Derivatives. 

VIII. Adrenergic Amines as Anodynes. 

IX. Physical Properties and Sympathomimetic Activity. 


.. 301 
.. 303 
.. 304 
. . 307 
.. 307 
.. 307 
.. 307 
. . 308 
,. 308 
,. 308 
. 309 
. 311 
. 311 
. 312 
. 312 
. 312 
. 313 
. 314 
. 314 
. 314 
. 315 
. 315 
. 317 
. 317 
, 319 
319 

319 

320 

321 

321 

322 

322 

323 
323 
325 
325 
325 
327 
330 
333 
335 
335 
342 

344 

345 
347 
















































CONTENTS 


XV 


XX. Adrenergic Blocking Agents. 350 

I. The Ergot Alkaloids. 350 

II. Yohimbine. 353 

III. Aminoalkyl Aryl Ethers. 354 

1. The Early French Drugs. 354 

2. Antifibrillants. 355 

IV. 2-Benzylimidazoline (Priscoline). 356 

V. /3-Chloroethylamines. 357 

XXI. Parasympathetic Stimulants 363 

I. Acetylcholine. 363 

1. Structural Variations. 365 

a. Choline. 365 

b. Simple Choline Esters and Their Analogs. 366 

c. Quaternary Ammonium Ions without Ester Function.. 370 

(1) Tetraethylammonium Ion. 370 

(2) Quaternary Salts in the Treatment of Peptic Ulcers. 371 

(3) Quaternary Acetals. 371 

(4) Furmethide. 372 

II. Pilocarpine. 373 

III. Arecoline. 374 

IV. Inhibitors of Cholinesterase. 374 

1. Physostigmine. 374 

2. Prostigmin. 376 

3. Other Urethans. 379 

4. Diisopropyl Fluorophosphate {DFP) . 381 

5. Phosphate Insecticides. 382 

V. Relation of Muscarinic Action to Spatial Groupings. 382 

VI. An Autonomic Interpretation of Analgetic Action. 386 

XXII. Curare and Curariform Drugs. 390 

I. Curare. 390 

II. Erythrina Alkaloids. 393 

III. Curariform Action of Onium Salts. 395 

IV. Bis-alkylene Ethers, Bis-quinolinium Salts and Diatropine 

Derivatives. 397 

V. Glyceryl Ethers as Muscle Relaxants. 400 

XXIII. Antispasmodics. 403 

I. General Aspects. 403 

II. Papaverine. 405 

1. Manufacture. 405 

2. Uses. 407 

III. Structural Variations. 407 

1. Variations of Ether and Benzyl Groups. 407 

2. Eupaverine. 410 

3. Variations of the Hetero-Ring. 412 

IV. Antispasmodic Amines. 413 

V. The Antispasmodic Esters. 417 

1. Atropine. 417 















































CONTENTS 


xvi 



XXIII. Antispasmodics {continued) 

2 . Structural Variations. 

a. Esters of Tropine . 420 

b. Aminoalkyl Esters of Tropic Acid... . . ' 422 

c. Esters of Other Hj'-droxy Acids. 423 

d. Aminoalkyl Esters of Aryl Aliphatic Acids. 423 

VI. Demerol. 

VII. Substituted Acetamide Derivatives. 4^1*3 

VIII. Conclusions... 

. 40*1 

Histamine and Antihistaminic Drugs. (435 

I. Histamine, Anaphylaxis and Allergy.. . . . ^ . . 435 

II. Chemistry and Uses of Histamine. 439 

11 III. Antiallergcnic Drugs .n/. 449 

( IV. Antihistaminic Drugs , 44;^ 

1 . Early Benzodioxane Derivatives. 442 

2. Pharmacological and Clinical Considerations. 443 

3 . Basic Ethers. 444 

a. Benadryl. 444 

( 1 ) Synthesis and Uses. 444 

( 2 ) Other Basic Ethers. 445 

4 . Derivatives of Ethylenediamine.’ 447 

a. Antergan . 44^ 

b. Ncoantergan. 44g 

c. Pyribcnzamine. 44^ 

d. Neohetramine. 449 

c. Thiophene Derivatives. 

f. Drugs Having Cyclic Basic Chains. 454 

( 1 ) Antistine. 454 

(2) Derivatives of Piperazine. 455 

( 3 ) Phenothiazine Derivatives. 455 

5 . Monoamines. 4^9 

a. Trimeton and Chlor-Trimcton. 459 

b. Thephorin. 457 

6. Overlapping Activities. 457 

General Reading References. 459 

XXV. Diagnostic Agents. 499 

I. Radiopaques. 499 

1. Inorganic Compounds. 499 

2. lodinated Organic Compounds. 49I 

3 . lodinated Vegetable Oils. 495 

II. Diagnostic Agents for Renal and Hepatic Function. 499 

III. Radioactive Compounds. 493 

XXVI. Thyroxine and Antithyroid Drugs. 47I 

I. Physiological Actions of the Thyroid Hormone. 47I 

II. The Nature of the Thyroid Hormone. 472 















































CONTENTS 


XVH 


XXVI. Thyroxine and Antithyroid Drugs {continued) 

III. The Mechaiiism of Action of Tlivroxine. 475 

% 

IV. Metabolite Antagonists of Thyroxine. 47() 

V. The Biological Synthesis of Thyroxine. 477 

\’I. Iodides in Thy roid Therai)y. 480 

VII. Experimental h.valuation of .\ntithyroid Activity. 482 

VIII. Inhibitors of Thyroxine Synthesis. 482 

IX. Mechanism of Action of Thioura<'il. 487 


XXVII. Drugs for the Treatment of Cancer. 

I. Terminology. 

II. Antimitotic Agents. 

III. Carcinogenesis. 

1. Physical .\gcnts. 

2. Chemical Agents. 

3. Viroid .\gcnts. 

4. Testing Methods . 

IV. Thcrapj' of Cancer. 

1. Early Methods. 

2. Toxins and Sera. 

3. Sex Hormones . 

4. Dves. 

5. Alkaloids and ,\lkaloi<lal Drugs. 

a. Colchicine. 

b. Modifications of the Colchicine Structure. 

c. Potlophyllin. 

d. Radiation and Radioactive Compounds. . 

e. Nitrogen Mustards. 

f. Urethan. 

g. Pteroylglutamic Acid Antagonists. 

h. Riboflavin Antagonists. 

i. Miscellaneous Compounds. 

XXVUI. The Vitamins. 

I. Vitamins and Hormones as Medicinal Agents. . 

II. The Vitamins. 

1. Vitamin A. 

2. The Vitamin B Complex. 

a. Vitamin Bi—Thiamine. 

b. Vitamin B..—Riboflavin. 

(1) Occurrence, Reactions, and Functions 

(2) Manufacture of Riboflavin. 

(3) Analogs of Riboflavin. 

c. Vitamin Be. 

d. Niacin and Niacinami<le. 

e. Pantothenic Acid. 

f. Inositol. 


480 

480 

480 

400 

400 

400 

404 

405 
405 
405 

405 

406 

407 

408 

408 

409 
503 

503 

504 

505 
505 
508 
508 

510 

510 

512 

512 

516 

518 

523 

523 

525 

527 

527 

530 

532 

534 
















































CONTENTS 


XVlll 


XXVIII. The Vitamins {continued) 

E- Biotin. 535 

h. p-Aminobenzoic Acid.. 533 

i. Pteroylglutamic Acid.;. 533 

j. Vitamin Bjz. 54I 

k. Iron in Anemia. 543 

3. Ascorbic Acid—Vitamin C . 543 

a. Functional Reactions. 543 

b. Synthesis. 545 

c. Analogs. 545 

4. Vitamin P. 547 

5. Vitamins D. 543 

a. From 7-Dehydrocholesterol and Ergosterol. 548 

b. Other Provitamins and Vitamins D. 553 

6. Tocopherol—Vitamin E. 554 

7. The Vitamins K .. 559 

a. The Natural Vitamins. 559 

b. Menadione. 552 

c. Other Analogs. 5g4 

d. Non-quinoid Blood Coagulants. 567 

Subject Index, Volume 1 . 569 


Volume II 

XXIX. The Hormones 

XXX. Essential Amino Acids and Fatty Acids 

XXXI. Chemotherapy 

XXXII. Theories of Metabolite Antagonism 
XXXIII. Dyestuffs in Chemotherapy 
XXXIV. The Sulfonamide Drugs 
XXXV. Antimalarials 

XXXVI. Chemotherapy ^ Acid-Fast Infections 
XXXVII. Metal-Free Drugs Used in Tropical Diseases 
XXXVIII. Antibiotics 
XXXIX. Antifungal Agents 
XL. Anthelmintics 

XLI. Chemotherapeutic Compounds of Arsenic, Antimony and Bismuth 

XLII. Sterilization and Disinfection 

XLIII. Antiseptics 

Subject Index, Volumes I-II 























CHAPTER I 


Introduction 


Medicinal chemistry is an applied science whose fundamental roots lie 
in all branches of chemistry and biology. The term “pharmaceutical 
chemistry” is often substituted for “medicinal chemistry,” particularly 
in its industrial ramifications where the compounding of drugs to mate¬ 
rials useful in pharmacy commands considerable attention. 

The purpose of medicinal chemistry is the elucidation of the structure 
and the synthesis of compounds which can be used in medicine for the 
cure or the treatment of disease. Moreover, it is concerned with the under¬ 
standing of the chemical and biological mechanisms by which the action 
of drugs can be explained. Medicinal chemistry also tries to establish 
relations between chemical structure and biological activity, and to link 
the latter to the physical properties of the drugs. 

The true medicinal chemi.st regards the s(riences that contribute to his 
own as tools, but he must be well versed in them in order to achieve his 
goal. Becau.se he works in an applied borderline field, he must know many 
phases of the sciences which funnel information into his own. A medicinal 
chemist must be experienced in organic chemistry, physical chemistry, 
and biochemistry, pharmacology, microbiology, and many phases of medi¬ 
cine pertinent to his work. Even though he may be expert in only one or 
two of these scien(;es, his acquaintance with the others will enable him to 
bridge gaps of knowledge and to paint a composite picture of a situation 
the specialist in one field could barely achieve. 

On the other hand, half-measures are not enough to attain scientific 
results, and even a close acquaintance with a field is insufficient to work 
out details. Therefore, the medicinal chemist is necessarily a member of a 
research team which usually consists of him, a pharmacologist who tests 
his drugs, physicians who transpose animal experiments into clinical trials, 
and a chemical engineer who manufactures the tested and proved drug 
for general therapeutic use. The great results of recent medicinal re¬ 
searches have all been obtained by research teams, and not by individual 
scientists. 

In return for the aid the contributing sciences render medicinal chem¬ 
istry, the latter has given chemical, biological, and engineering sciences a 
new impetus in fields which had been dormant because of lack of interest 


1 



2 


CHAPTER I 


in a given field. The discovery of the medicinal usefulness of an obscure 
compound has always stimulated inquiry into the reactions and improved 
methods of preparation of similar substances, and almost in every instance 
has led to purely theoretical developments no longer connected with medici¬ 
nal applications. Likewise, methods of pharmacology and biology have 
had to be improved and revised to meet the peculiarities of new drugs 
and the experiments performed in these studies have inevitably clarified 
underlying biological mechanisms. Finally, the manufacture of an un¬ 
usual drug necessitates new designs in equipment and new methods which 
inevitably solve the problems of other industrial procedures. 

One of the prime motives of medicinal chemistry is service to medicine. 
Some of the proudest and most spectacular achievements of medicine have 
been ma,de possible by chemists and chemical engineers who, in turn, have 
shared in the satisfaction of the service they have rendered. 

Manymedicinal chemists areso engrossed in preparing, analyzing test¬ 
ing, and applying drugs that they overlook one fundamental aspect of 
their science and of all science. Medicinal chemistry may have been 
stimulated by the need of the sick for drugs, or even by the commercial 
rewards of their manufacture. But what the science of medicinal chem¬ 
istry has achieved is the product of the ideas of thousands of persons 
whose driving motive has been scientific curiosity, and an urge to ex¬ 
plore relations between fundamental sciences. The great advances of the 
past have come from the keen interpretation of often accidental and un¬ 
foreseen observations, and research organizers should keep this in mind for 
attaining future decisive results. 

I. THE SCOPE OF THIS BOOK 

This book makes an attempt to present to the reader the wide and 
ramified field of medicinal chemistry as it has been pictured above. It 
hopes to go beyond the scope of many other compendia on drugs which 
have been concerned with the structural analysis and the synthesis of im¬ 
portant medicinal chemicals. These subjects will be treated carefully 
but not to the exclusion of other aspects of drugs. On the whole, the 
derivation of the structure of a naturally occurring drug will be discussed 
only if the particular case has not been reviewed in a readily accessible 
book or journal. Important modes of synthesis will be given for repre¬ 
sentative drugs, and the reactions involved should be understood readily 
by any chemist with some graduate training. 

The methods of biological testing will be reviewed briefly for each class 
of drugs. In every chapter, the therapeutic usefulness as well as the 
medical or veterinary drawbacks will be pointed out, but a sincere effort 
has been made not to encroach upon the realm of the physician. It is 
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often difficult to draw a line between chemical pharmacology and medicinal 
chemistry, and only differences in emphasis and point of view separate these 
fields. Throughout this book emphasis has been placed on chemical 
aspects, and it is not anticipated that a physician will be able to construct 
a prescription from the facts stated in the text. However, this book 
will acquaint him with the background and with newer developments of 
drugs and give him an appreciation of the scientific work in other fields 
that has made his therapeutic tools possible. 

The greatest progress in medicinal chemistry has come from the appli¬ 
cation of modern biochemistry to its problems. This happy coordination 
has furnished an explanation of the mechanism of action of a number of 
drugs and has raised medicinal chemistry from an empirical art to a science. 
Every attempt has been made in this book to point out the advantages of 
this approach, and it is the author’s hope that the stature of medicinal 
chemistry among fundamental sciences will be heightened by this mode of 
presentation. 

Even though the biochemical approach has proved so valuable for the 
development of our subject, it has actually raised more questions than it 
has answered. As fascinating as this situation is in promoting further re¬ 
search, it has led to a state in which overcautiousness and excessive specu¬ 
lation without experimental facts have alternated constantly. This vol¬ 
ume is trying to avoid both these extremes. There can be no advance 
without imagination, and speculation about biochemical mechanisms of 
drug action has been admitted where it appears to further the subject 
constructively. The expert biochemist may feel that the rigid'lines of 
scientific conservativi-sm have been broken in some instances. On the 
other hand, drawbacks of methods and compounds have been pointed out 

consistently at all occasions as a caution against overestimating their 
effectiveness. 

The text has been documented extensively but not exhaustively. Since 
this book is intended as a textbook on a professional level, and not as a 
reference book, no attempt has been made to furnish a complete bibli¬ 
ography. No author should feel offended if a particular paper of his has 
not been quoted. The scope of the book is so wide that a selection of 
subjects has been imperative. Additional information on details omitted 
here may be obtained from pertinent monographs and review articles. 

There is no space in one book for a complete account of the thousands 
of compounds that have been tested biologically and found inactive. 
Knowledge of such “negative experiments” is important if it teaches us 
that an approach which might have been expected to be successful has been 
eliminated from consideration by experimental findings. But the random 
inclusion of chemicals that have been screened for every kind of physio- 
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logical activity because they were handy in a given laboratory cannot 
be expected within the framework of a graduate-level textbook. Em¬ 
phasis has therefore been placed on positive results, with proper reference 
to exceptions to “rules” and other experiments which permit a critical 
evaluation of the therapeutic achievements of medicinal chemistry. 

1. Structure and Enzyme Inhibition 

A number of statements appeared in the biochemical literature prior to 
1940 wliich suggested that the true cause of the interference of a drug with 
the normal course of an enzymatic reaction should be sought in a struc¬ 
tural overlapping of drug and normal substrate (metabolite). These 
thoughts were given a firm foundation by the work of Woods and Fildes, 
who demonstratefl the first clear-cut example of such close structural 
relations for the pair sulfanilamide-p-aminobenzoic acid. This discovery 
has produced the metabolite-antagonist theory, one of the most fruitful 
ideas in organizing contradictory and apparently random observations 
about relations of chemical structure and biological action. Because of 
the importance of this working hypothesis, a separate chapter (XXXII) 
has been devoted to it. 

2. Arrangement of Drugs on the Basis of their Medicinal Use 

The uncertainties of the relations of chemical structure and biological 
activity make it appear unwise to arrange all drugs from a purely struc¬ 
tural point of view. Alcohols are known to exert hypnotic, analgetic, 
and antibiotic properties. Amines are found in the series of analgetics, 
vasopressors, antihistaminics, bacteriostatics, and antimalarials. Phenolic 
groups are present in antiseptics, autonomic drugs, trypanocidal agents, 
estrogenic hormones, and certain vitamins. Lactones are encountered 
among cardiotonic and anthelmintic drugs. This enumeration could be 
extended to almost every other kind of structural unit and biological 
action. Since even the concept of drugs as inhibitors of enzyme systems 
still lacks experimental support in a few series of compounds, a general 
survey of medicinal chemistry will arrange drugs most advantageously 
according to their practical use. The Table of Contents takes this ar¬ 
rangement into account. Drugs acting on various functions of the body 
(functional or pharmacodynamic drugs) are followed by drugs used in com¬ 
batting pathogenic parasites (antiseptics, chemotherapeutics, etc.). A 
few special chapters (antimitotics, hormones, vitamins) are interspersed 
at appropriate places. 
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II. THE NAMING OF ORGANIC MEDICINALS 

The most adequate means of naming organic drugs is to follow the 
systems generally accepted for the nomenclature of all organic compounds. 
The scientific reports on the chemistry of a drug, its degradation, analysis, 
synthesis, reactions and physical properties almost always attempt to 
give the material the most rational name at least once. 

By the time the substance reaches the pharmacologist or biologist who 
is interested in some of its physiological properties, it is often advisable 
to identify it by a brief number or name. It has become customary in 
many laboratories to code compounds for biological testing with consecu¬ 
tive numbers, the initials of the chemist, or the research team that prepared 
or first tested the drug. The pharmacological literature is full of these 
code designations, and it is not always easy to trace the chemical identity 
of the coded substance. 

If the drug has been prepared in an industrial laboratory, and has shown 
promise in pharmacological tests, it will usually be distributed in experi¬ 
mental quantities to physicians for trials in man. In order to facilitate 
the naming of the drug by the medical profession, especially if the chem¬ 
ical name is long and cumbersome, a more easily pronounceable name is 
printed on the label. Whether or not this remains the name under which 
the drug will be marketed depends on a number of circumstances. 

It used to be the custom to let the name point out the application of the 
drug. Such names as Analgen, Anesthesin, Streptocide, Antimalarin, 
Hypnon, Urotropin, Antifebrin, and hundreds of others are examples of 
this procedure. This practice has been condemned by medical and phar¬ 
maceutical societies in the United States because it was feared that the 
names might imply to the layman that the particular brand of the drug 
was the medicinal agent for a certain condition, and that desirable com¬ 
mercial competition between manufacturers would thus be impeded. In 
other countries which do not regulate monopolistic tendencies as it is done 
in the United States, this way of naming drugs is still widely practiced. 

The naming of drugs produced by the pharmaceutical industry has given 
the linguistic imagination of the advertising departments free rein. Eu¬ 
phonious combinations of letters without any hint as to the nature of the 
medicinal are invented by psychologists who feel that the commercial 
success of the material may be enhanced in this way. More often, how¬ 
ever, a simplified contraction of the chemical name is arranged in a tasteful 
manner. It would be hazardous to draw any conclusions from such names, 
but they constitute perhaps the most desirable mode of pharmaceutical 
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nomenclature. The name of the manufacturer has occasionally been woven 
into the name; alliterations of related drugs are quite common. Dozens 
of local anesthetics end in ocaine, borrowed from cocaine. Many bar¬ 
biturates have the ending al in common, probably because they were in¬ 
tended to improve upon Veronal, and analogs of ephedrine often end in 
cdrine, etc. 

Considerable confusion is introduced into nomenclature when the so- 
called generic name of a drug begins to appear in the literature. After a 
manufacturer has given a drug his trade-marked name, he usually submits 
an alternate name to the Council of the American Medical Association. 
If the Council accepts this name and places it in the periodical publication. 
New and Non-official Remedies (NNR), any other manufacturer who has 
the right to market the product can use this officially approved name. 
The generic name together with the dosage and other vital information 
must appear on the label of the container of the drug. These regulations 
are subject to Federal Laws known as the “Pure Food and Drug Act”. 

Two examples may illustrate this procedure. l-Phenyl-2-aminopro- 
pane has been used as a pressor agent and central nervous stimulant under 
the brand name of Benzedrine. Its generic NNH name, accepted at a 
later date, is amphetamine, and is used by other manufacturers who do not 
own the registered trade name. 

In a similar manner, the hormone of the adrenal medulla was isolated, 
identified, and synthesized early in the century and named Adrenaline. 
Many years later, the generic name epinephrine was accepted by the 
Council, and the drug is now described under either designation. 

A formal argument about the mode of spelling the brand name versus 
the officially accepted name of NNR or the Pharmacopoiea, the final 
authority on drug standards, has been settled through the agreement 
that brand names should be capitalized. This does not contribute much 
to prevent confusion that arises when the often less well-known NNR names 
supplant well-established brand names. Also, drugs originating in foreign 
countries have often become known and established by their original 
names before another name is given them in this country. The anti- 
malarial Plasmochin was known for about fifteen years under this label 
before the NNR name pamaquine began to supersede it. Widely known 
drugs such as Aspirin are often not capitalized although this name was 
originally a manufacturer’s trade mark for acetylsalicylic acid. 

In this volume, all brand names will be capitalized in the index; moreover, 
the new designation of trade names by the American Medical Associa¬ 
tion* will be used, in which the name is followed by the symbol®. Thus, 
the names will read as shown in Table I. 

* “The Rules of the Council on Pharmacy and Chemistry,” J. Am. Med. Assoc., 140, 
678 (1949). 
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TABLE I. Examples of Trade Names and Generic Names 


Trade name 

Generic name 

Adrenalin® 

Epinephrine 

Benzedrine® 

Amphetamine 

Chloromycetin® 

Chloramphenicol 

Dolophin® 

Methadon 


The difficulties of identifying a popular drug in the medical literature 
of the world are emphasized by a glance at the trade names of sulfanil¬ 
amide.^ No less than sixty names have been used for this one compound. 
An international authority correlating the efforts of the pharmacopoieas 
of the many nations of the world would be welcomed by all members of the 
chemical and medical professions. 

Many commercial names are designations for salts of physiologically 
active bases with common acids, or of physiologically active acids with 
common bases. Novocaine, e.g., is a brand name for procaine hydro¬ 
chloride. Since the common acids or bases in these salts are merely 
adjuncts to the medicinal and confer upon it desirable properties such as 
crystallizability, stability, and solubility, the brand names of the salts 
are often more widely used than the official names of the active compo¬ 
nent. In this volume, no serious effort has been made to separate such 
overlapping usages. Names like Novocaine and procaine have been used 
interchangeably with the full understanding that the reader will direct his 
attention solely toward the pharmacologically important component of the 
drug. The use of the trade name of a salt for the trade name of a base or 
acid could cause occasional discrepancies in quantitative evaluations of 
drug activity, and every effort has been made to express clearly in such 
instances which of the materials has been the subject of the respective 
measurements. 

Throughout the text, cross-references to footnotes to other chapters will be des¬ 
ignated by chapter number and footnote number (see example on page 8, XXXV^). 
Cross-references to formulas are designated by chapter number and formula num¬ 
ber (see example on page 9, XL-6). 

2 Northey, The Sulfonamides and Related Compounds. Reinhold, New York 1948 
p. 636. 
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Historical Development of Medicinal 

Chemistry 


The liistory of a science is composed of the ideas and facts which have 
advanced the ijorders of contemporary knowledge. It is an account of 
feats of imagination and careful correlation, high-lighted by those rare 
sparks of scientific insight which draw novel conclusions from a few signifi¬ 
cant observations. Ihe great advances of medicinal chemistry have been 
achieved by two types of investigators: those with the genius of prophetic 
logic who have opened a new field by interpreting correctly a few well- 
planned experiments; and those who have varied patiently the chemical 
structures of physiologically active but toxic compounds until a useful 
drug could be evolved as a service to medicine. 

More than in any other branch of science, empirism has been employed 
in medicinal chemical re-search, and the formulation of basically sound 
ideas has taken place hesitantly only during the last fifty or sixty years. 
This may appear as a long period in comparison with still younger sciences, 
such as biochemistry, nuclear physics, etc., but the bulk of defendable 
theories of medicinal chemistry has actually been developed only during 
the past twenty-five years. 

This comparatively short period of serious scientific growth of our field 
opens the question as to when the history of medicinal chemistry has 
really started. It may seem purely philosophical to ask what constitutes 
a medicinal chemist. We do not subscribe to the notion that, long ago, 
Chinese emperors or Roman philosophers were medicinal chemists. Yet, 
some of these historic figures are usually credited with having been the fore¬ 
runners of modern pharmacy and pharmaceutical science since their empiri¬ 
cal methods of collection and therapeutic administration of herbs and 
herbal concoctions evoke an echo in the present-day selection and medical 
study of botanical drug mixtures. 

The oldest records of therapeutic plants and minerals stem from the 
ancient civilizations of the Chinese, the Hindus, the South American 
Mayas and the Mediterranean peoples of antiquity. The scholar-Emperor 
Shen jSung (2735 B.C.) compiled a book of herbs and is credited with ob¬ 
serving the antifebrile effects of Ch’ang Shang which has been shown re¬ 
cently to contain antimalarial alkaloids (XXXV^). He also noticed the 
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diaphoretic and stimulatory effect of the drug Ma Huang from which, 
almost 5000 years later, Chen isolated the active alkaloid ephedrine (XIX- 
23). 

Other oriental civilizations have also left us records of their uses of me¬ 
dicinal plants. The antileprotic action of the chaulmoogra fruit was known 
to the ancient Indians, and the ipecacuanha root was used in Brazil and 
the Far East for the treatment of dysentery and diarrhea. Its main 
alkaloid, emetine, still constitutes an important drug for amebiasis. The 
plant which contains the anthelmintic santonin (XL-6) was prescribed 
under different names by the medicine men of the Hebrews (Jerusalem 
Oak), Mexicans (Mexican Tea), and Romans {Chenopodium anthelminti- 
cum). The early explorers found the South American Indians in posses¬ 
sion of the cinchona bark from which Pelletier and Caventou extracted the 
antimalarial alkaloid quinine only three hundred years later (1820). These 
Indians also chewed coca leaves as a stimulant and euphoric. 

Metallic salts were recommended by Hippocrates in the fourth century 
B.C., and the influence of his teachings was felt for 2000 years in occidental 
medicine. 

The most retarding influence on progressive medicinal thought was ex¬ 
erted by the Roman naturalist Galenus (131-200 A.D.). His contention 
that herbal mixtures could provide all the essential elements of health, 
and that proper herb mixtures could thus be used for all conceivable health 
defects, dominated the middle ages and was fostered by the ecclesiastical 
monopoly on medical progress which promoted ignorance and superstition 
among the laiety. The four humors of ancient Greece—heat, cold, mois¬ 
ture, and dryness—were fused with early metallurgical views into a mystical 
legend which grew as the tendency towards irrationalism rose throughout 
the first fifteen centuries of Christian civilization. Nevertheless, the his¬ 
tory-minded scholar could discern beginnings of a materia medica even in 
those times. In Galenus’s apothecary shop (AttotJijkt;, storeroom) herbs and 
some metallic drugs (copper and zinc ores, iron sulfate, cadmium oxide) 
were found in abundance, and a semblance of assaying was maintained 
by insistence on “pure” drugs, that is, the right variety and age of the 
botanical specimens. Opium, squill, hyoscyamus, and viper toxin were 
part of Galenus's armamentarium, and an intimation of dosage levels can 

be seen in his contention that powerful narcotics relieve pain but may also 
cause death. 

The ground-work of chemistry and physics shifted from the Graeco- 
Roman to the Arabian scene during the next centuries, and in the writings 
of Arabian alchemists was born the idea of the philosopher’s stone The 
monk Albertus Magnus (1193P-1280), and his successor Roger Bacon 
(1214-ca. 1294), amplified this phantom thought and expressed the belief 



10 


CHAPTER II 


that the pliilosopher’s stone, if e\'ei' discovered, would prove to be a uni¬ 
versal remedy or elixir of life. The medical alchemist (iatro-chemist), 
Paracelsus (1493-1541) adopted the shwification of antimony and its salts 
in elixirs as cure-alls as they ha<l first l>een recommended by Basilius Valen¬ 
tinus fifty years earlier. He was so successful in this undertaking that he 
relegated herbs to a secondary place and made antimony an important 
though highly controversial firug. 

Paracelsus was a reformer but on the whole a superficial quack. The 
sixteenth century counted a long list of similar figures in many lands who 
swindled the puidic witli worlhle.ss “sympathetic powders”, mercury, and 
the laying on of hands. Tlie latter procedure, an ancestor of psychoso¬ 
matic medicine, was prol)ably more efTectivc than all the (Irugs of that era. 

Only one groat herbal drug of the seventeenth century has .survived the 
test of time, the cinchona bark from which quinine was extracted later. 
It was brought to Europe from South America by missionaries (hence the 
name Jesuit bark or powder), ami after being rejected initially by uncon¬ 
vinced medical faculties, it became the prize medicine for fevers, chills and 
malarias, its weight being matclied in gold at various times. 

The sixteenth and .seventeenth centui’ies saw a perfection of the practices 
of pharmaci.sts, and the influx of many new drugs of botanical and mineral 
origin from the New World nece.ssitated a levision and enlargement of older 
compendia on materia medica. The fiist pharmacopoeias were edited in 
Florence (1498), Niirenberg (1535), Ba-sel (15()1), Augsburg (1504) and 
London (1018). Those reference works also tried to i)ring order and 
reason into the ever-widening gulf between advocates of medicines of herbal 
and of metallic origin. 4'he lattei’ was to win the uneven battle because 
the now rapid progress of inorganic (Jiemistry focussed attention on many 
new substances and made available to the medical profession chemically 
pure compounds for the first time. It is reasonable therefore to choose the 


late part of the seventeenth or the early years of the eighteenth century 
as the beginnings of what we call medicinal chemistry today.* 

In 1646, the French phy.sician Guy Patin (1602-1672) suggested to a 
medical student: “Above all flee books on chemistry, in quorum lectione 
oleum et perdes.'’^ This attitude changed as exact laws of chemistry were 
formulated, as the physiological action of well-defined compounds became 
amenable to quantitative stud 3 q and as the active principles of ancient 
herbal drugs were extracted, purified and fitted into stoichiometric laws. 
The transition period was characterized by more precise classifications of 
botanical drugs and their pharmacodynamic effects, patterned upon the 


‘ For a detailed account of ancient and medieval phai’macology, see for example, 
Mettler, History of Medicine. Blakiston, Philadelphia, 1947. 

*From Packard, Ann. Med. Hist., 1922, 215. 
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schemes of Linnaeus (1707-1778) and his followers. In the Lectures on 
Materia Medica by the Scotch surgeon William Cullen (1712-1790), the 
terms antispasmodic, antiseptic, cathartic, and emetic can be found.® 
But since the action of a drug upon functional organs in the body was not 
yet understood, the ancient theory of the four humors was unearthed 
again. Cullen expressed the belief that the neural sj^stem was primarily 
affected by drugs, but that the latter acted differently on persons of dif¬ 
ferent temperaments, the choleric and melancholic, the temperaments of 
youth and age. He may not have been so \vTong in this opinion, as every 
pediatrician can attest. We also know today that even the most innocu¬ 
ous drug is not tolerated well by some individuals, and this fact has been a 
justification for the many parallel searches for compounds which might 
exhibit not a better, but only the same medicinal activity. 

Another view of that time was that some drugs acted on fluids, whereas 
others acted on moving and on static solids in the body. This idea had 
again its roots in the interpretation of the iatrochemists who had assumed 
that drugs diluted body fluids or changed its acidity or alkalinity, the 
change being measured by syrup of violets which, (due to its content of 
anthocyanins as we now know) turns red in acid, and green in alkaline 
solution. These contradictory and fluctuating ideas were not aided by the 
suspicion that chemicals might behave one way in the laboratory and 
another way in the body, perhaps obeying different laws. This is a fore¬ 
runner of the observations of many differences of in vitro and in vivo activ¬ 
ities which will be pointed out in virtually every chapter of this book. 
The explanation of many of these differences is still lacking today. No 
wonder that eighteenth century medical scientists to whom organic chem¬ 
istry still was the result of supernatural vital forces should have turned 
back to mysticism and Graeco-Roman philosophical ideas to explain the 
action of their drugs. 

In the meantime, new medicines were discovered and old ones im¬ 
proved. Withering (1741-1799) introduced digitalis (purple foxglove) as a 
therapeutic agent for dropsy, and almost the same material is used in the 
treatment of cardiac edema today. Van Swieten (1700-1772) taught the 
advantages of corrosive sublimate (mercuric chloride) over older mer¬ 
curial preparations in “fevers.” Ether made its first legitimate appearance 
in Hoffmann’s drops or anodyne (Friedrich Hoffmann, 1660-1742), and 
opium was dispensed and studied by de Quincey (1785-1859) “to tran- 
quilize all irritations of the nervous system, to stimulate the capacity of 
enjoyment and ... to sustain the else drooping animal energies.”^ 

* Cullen, Lectures on Materia Medica. London, 1772. 

* ’ Confessions of an English Opium Eater, in The Collected Writings of 

Thomas de Quincey. Vol. Ill, 222, Edinburg, 1890. 
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Van Swieten is generally credited as the founder of the Viennese school 
of therapeutic nihilism which was more clearly expressed by Hahnemann 
(1755-1843) and dominated the development of pharmacology and me¬ 
dicinal chemistry until about 1870. Hahnemann believed that ‘^similia 
simUibus curanturr that both drugs and spiritual healing powers must be 
the opposite of the disease, and that only symptoms could be treated, 
not the cause of the disease. The treatment should consist of diluting drug 
solutions to the point of practically omitting their content of active com¬ 
ponents, because high concentrations of drugs produced toxic reactions, 
i.e., symptoms similar to those of disease. This system became known as 
homeopathy, and was a major obstacle to the progress of medicinal chem¬ 
istry since it tended to abolish drugs altogether (therapeutic nihilism). 
It ran its due course and was finally completely reversed by Pasteur (1822- 
1895) who regarded all disease as caused by pathogenic parasites; this led 
to the age of healing with chemicals (chemotherapy). 

Another theory was proposed by Samuel Thomson (1769-1843) in this 
country who stated that “all diseases are the effect of one general cause 
and may be removed by one general remedy.”^ Echoes of this statement 
are found in Ehrlich’s life-long ambition to find the materia magna sterilans, 
a cure-all for all infectious diseases. The nearest approach to this descrip¬ 
tion of a drug may be found in the modern antibiotics, penicillin and aureo- 
mycin. 

Perhaps the most beneficial medicinal innovation of the nineteenth 
century was the discovery of general anesthesia. Davy (1778-1829) in¬ 
troduced nitrous oxide (laughing gas) as an inhalation anesthetic, and this 
was followed by the first clinical experiments with ether in the surgical 
amphitheater. Cra^vford W. Long (1815-1878) of Georgia employed ether 
as an anesthetic in 1842, and William T. G. Morton (1819-1868) of Boston 
showed its use in the operating room at Massachusetts General Hospital 
in 1846. The British anesthetist Simpson (1811-1870) employed chloro¬ 
form the following year, and surgery was put on a scientific basis by these 
agents. 

The first important pharmacodynamic agents to be isolated in pure 
form were alkaloids several of which were extracted from long-known 
sources in the first 75 years of the nineteenth century. Morphine was iso¬ 
lated by the pharmacist Sertuner in 1806, the mydriatic base atropine by 
Mein, Geiger and Hesse in 1833, and quinine by Pelletier and Dumas in 
1823. Early synthetics included acetanilide, salicylic acid (Kolbe, 1818- 
1884), antipyrine (Knorr, 1883), aspirin (Dreser, 1899), and diethyl bar¬ 
biturate (Emil Fischer and Mering, 1903). In the early 1880’s one of the 
greatest practitioners of medicinal chemistry, Paul Ehrlich (1854-1915) 

« Thomson, The Thomeonian Materia Medica, or Botanic Family Physician. 12th ed.. 

New York, 1841, p. 505. 
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laid the foundations to chemotherapy. At the turn of the century Stolz 
synthesized the first hormone (AdrenaUne, 1904), and Barger and Dale 
made in 1909 a fundamental study of the effect of chemical structure in the 
series of sympathomimetic amines upon the physiological effects of these 
compounds. This field underwent a renaissance after the discovery of the 
analeptic properties of ephedrine by K. K. Chen (1923), and his study 
stimulated an enormous upsurge in varied pharmacodynamic investiga¬ 
tions. 

The successful theories of Ehrlich concerning the distribution and mode 
of action of drugs, and his great work on arsenical compounds were an 
enticing invitation for further explorations of chemotherapy. Since in¬ 
dividual investigators could barely hope to initiate and conclude a com¬ 
plete study of a drug single-handedly, they became partners in research 
teams composed of experts in all branches of the sciences concerned. The 
best coordination for such teams was found in the pharmaceutical indus¬ 
try, and many great developments from 1910 on have taken place in indus¬ 
trial laboratories. The trypanocidal drug Suramin, the antimalarials pama¬ 
quine and quinacrine, the twenty-odd antihistaminic drugs now in use, the 
antibacterial sulfonamide drugs and many others have been developed in 
this manner. The word “developed” has been chosen with care since 
the basic concepts of these drugs have always originated in the minds of 
individual investigators, but the patient variations of conditions, struc¬ 
tures, testing and production methods have become the task of team 
work. This is also reflected in the great discoveries of Domagk (sulfon¬ 
amides, surface-active ammonium antiseptics, antitubercular thiosemi- 
carbazones), of Fleming and Waksman (penicillin, streptomycin), of Mie- 
scher (Nupercaine, doisynolic acids, Antistine) and of Kendall and Hench 
(Cortisone), which would not have become practical realities without indus¬ 
trial research coordination. 

As new ideas have attempted to unify medicinal-chemical thought, it 
has always been necessary to test their value by many examples. The 
metabolite-antagonist theory of drug action, for instance, obtained its 
practical start by the discovery of Woods and Fildes that sulfanilamide 
antagonized p-aminobenzoic acid, and that the quantitative aspects of this 
relationship could serve as an explanation of the bacteriostatic activity 
of sulfanilamide. This attractive theory has been found applicable in 
countless other cases, and its ramifications have shown that a fundamental 
explanation of the mode of action of perhaps all drugs has been found here. 
Yet, the practical fruits of this theory have been singularly disappointing, 
and the man-power of industrial scientific laboratories has again helped to 
furnish the many examples which have given us a more adequate perspec¬ 
tive in this field. 
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No attempt will be made in this chapter to give a full account of recent 
discoveries, theories and achievements of medicinal chemistry. The reader 
will find pertinent data in the individual chapters of this volume, and cor¬ 
relations of data in those sections of the book which are devoted to the 
theory of our subject. In Table I, the most significant of these data may 
be found listed in chronological order. 
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1939 Antihemorrhagic activity of Menadione is established Ansbacher and Fernholz XXVIII 

1939 The biosynthesis of thyroxine is explained Harington XXVI“ 

1939 Vitamin K: structure is established, synthesis accomplished Dam, Karrer, Doisy, Almquist, XXVIII^^ 
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CHAPTER III 


Relation of Chemical Structure and 

Biological Activity 


In the course of the nineteenth century, many natural products were 
isolated and purified, and their chemical structure was determined. A 
few of them exhibited medicinally useful properties, and from the pharmaco¬ 
logical investigation of many others some ideas about toxicity and physio¬ 
logical specificity could be derived. It soon became apparent that certain 
structural units of the molecules of biologically active compounds are to 
be found also in other substances having similar properties, and this ob¬ 
servation was seized upon as the only available guiding thought for further 
researches. The modification of the structure of a promising compound 
is still the main line of approach to new drugs. It holds forth the hope 
that suitable structural variation may increase the therapeutic usefulness 
of a given type of compound by widening the differences between desirable 
actions and the toxicity syndrome. Structural variations bring about 
new physical properties, and a^art from decreasing the toxicity of a com¬ 
pound, improvements in solubility, volatility, color, odor, etc., may widen 
the utility of a given drug. Moreover, even a very minor change in the 
chemical structure may uncover physiological properties which had been 
dormant, or overshadowed by toxic side-effects in the parent compound. 

The ideas about relations of structure and activity underwent several 
changes as knowledge of the chemical and physical properties of matter 
expanded. Many generalizations, originally accepted as truths, had to be 
narrowed to a limited series of drugs as details of fine differences were ex¬ 
plained as expressions of new mechanisms. On the other hand, the hope 
has never been abandoned that the action of different drugs might be ex¬ 
plained on a unified basis. The Sections dealing with isosterism, and with 

interference of drugs with enzyme systems will furnish examples of such 
trends. 


Even the most advanced, and most carefuUy considered theories have 
not revealed regularities in the relation of chemical structure to physio¬ 
logical action which could be used indiscriminately in one series of com¬ 
pounds after proving their value in another one. Leaving aside inorganic 
compounds with their widely divergent effects on living cells, pronounced 
regularities could be expected, at least in series of simple closely analogous 
compounds. This is actuaUy the case in homologous series ^ 




28 


CHAPTER III 


I. RELATIONS IN HOMOLOGOUS SERIES 

In some homologous series, such as the hypnotic a-bromo amides 
(RClIBrCONTDiind the antiseptic 4-alkylresorcinols(l ,3“(IIO)2C6H3-4-R), 
the lowest members show \ery little acli\-ity. Lengthening of the car¬ 
bon chain to 5-9 atoms causes an increase in pharmacological effects but 
further lengthening brings about a sudden decrease. On the other hand, 
the antiseptic power of simple aliphatic aldehydes is greater for the lower 
than for the higher members of a homologous series of such compounds. 
There, the lower aldehyiles are chemically toxic agents while the higher 
ones act i)urely physically. 

Careful studies have been made in homologous series of general cell 
depressants which can he classified both as toxic, and as narcotic substances. 
Toxicity and narcosis am intimately connected wherever the latter is con¬ 
sidered as a depressant effect on a cell rather than the stupefying syndrome 
observed in animals. Narcotics are toxic drugs which act by virtue of 
their whole molecule; volatile anesthetics, for example, are exhaled un¬ 
changed and must act therefore by their physical action on cell constituents 
only. 

Physical adsorption is undoubtedly the first step in any biological reac¬ 
tion between drugs and cell chemicals. The action of narcotics is explic¬ 
able partly by their adsorption to cell structures, solution in the lipids, or 
the coagulation of cell proteins under tliese conditions. The primary 
process of adsorption is reversible, as seen in the termination of anesthesia 
as soon as the anesthetic has been excreted. The irreversible effects lead¬ 
ing to the death of the organism must be due to secondary processes, per¬ 
haps deep changes of solubilities and adsorption rates which disorganize 
all normal chemical reactions within the cell. 

In many experiments with narcotics the cquitoxic concentrations have 
been measured either in acjueous solutions in which the cells or organs to 
be influenced were immersed, or, in the ca.se of fumigants, in the gaseous 
atmosphere surrounding the organism. Only in few instances has the toxic 
concentration been measured in the ceils directly affected by the poison. 
The first members of homologous series show, therefore, approximately 
the same “toxicity” as measured by the equitoxic concentrations in the 
external phase. As one goes up the series, “toxicity” decrea.ses since chem¬ 
ical reactivity declines. As soon as physical toxicity becomes predom¬ 
inant, equitoxic concentrations of succeeding members will drop rapidly, 
approximately by a factor of three with each additional carbon atom.* 
That means, intensity of action increases with chain length, the logarithm 
of the equieffective (equitoxic, equinarcotic, equiantimalarial) concen- 

‘ Ferguson, Proc. Roy. Soc., 127, 387 (1939). 
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tration being a linear function of the number of carbon atoms. However, 
this does not go on forever. Sooner or later a homologous member is 
reached with has the maximum activity, and beyond it one encounters a 
“cut-off,” the next member having barely any or no activity. The posi¬ 
tion of the cut-off depends on the homologous series, on the nature of the 
biological action, and even on such factors as the relative resistance of 
different strains of the same organism. 



Figure 1. Relation of Number of Carbon Atoms in Hom¬ 
ologous Series to Thermodynamic Activity (a)* See text 
page 30, ' * 


Homologous series 

I. Alkyl acetates 
II. Alcohols. 

III. Paraffins. 

IV. Alcohols. 

V. Alcohols. 


Biological effect tested 

.. Hemolysis of blood 

. liactericidal action, Staphylococcus aureus 

V v-v-'.- ■ • • •; j-■ •;. Narcosis of mice 

Inhibition of development of sea urchin egg 

. Narcosis of tadpoles 


It is possible to predict the position of the highest active member of a 
homologous series from the results obtained with lower homologs.^ This 
can be achieved if, instead of the actual concentrations of homologs which 
can bring about the same biological effect, their effective concentration 
(thermodynamic activity) is used.= This factor represents the really us- 


= Shaffer and Tilley 14, 259 (1927). Badger, Nature, 158, 585 (1946) 

Lewis and Randall, /’Aer/aodi/nomtcs. McGraw Hill New York 1 Q 2 ^ r-h ♦ oo 

‘ From Badger, Nature, 158 . 586 (1946). ’ 
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able concentration, leaving aside the percentage of the solute which is in¬ 
activated physically by association and other field forces of its ionic atmos¬ 
phere. It is calculated from the actual concentration (c) by the equation: 

a = f X C 

where a is the thermodynamic activity and / is the activity coefficient. 

One can determine thermodynamic activity by measuring the depres¬ 
sion of the freezing point, the elevation of the boiling point, or changes in 
osmotic pressure caused by different concentrations of the solute in question. 
From these values, the corresponding data at zero concentration can be 
plotted by extrapolation. One can then set up a relationship to, for in¬ 
stance, the freezing point depression at any given concentration, and 
that will be in the same ratio as thermodynamic activity to concentra¬ 
tion. In twelve series of homologous compounds (paraffins, alcohols, 
esters) the average increase of the logarithm of the critical thermodynamic 
activity which suffices to produce a given biological effect has been cal¬ 
culated to be 0.10. 

If one can calculate this logarithm from the biological results obtained 
with the lower members, a straight line drawn through these points will 
reach an extrapolated point at which log a approaches zero. At this junc¬ 
ture the member will be located which should exert the same biological ac¬ 
tivity near zero. In practice, this higher member lying along the straight 
line just before the “cut-off” may vary by one or two carbon atoms from 
the theoretically predictable member. Nevertheless, this method offers a 
valuable approach to estimate biological activity in a homologous series. 

II. THE EFFECTS OF CERTAIN STRUCTURAL GROUPS 

An insight into the effect of individual structural groups on the physio¬ 
logical action of organic compounds has been gained mainly by purposely 
altering the structure of drugs of known activity. As new groups are in¬ 
troduced into their molecules, or removed by chemical degradation, the 
resulting compounds usually exhibit gradually altered biological proper¬ 
ties. 

Another approach is to study the metabolic fate of a compound in a 
cell culture, a surviving tissue, or in a living animal. Certain compounds 
are detoxicated under these conditions, and the chemical changes leading 
to the less toxic (i.e., less active) derivatives permit some conclusion con¬ 
cerning the influence of structural factors on activity. Other chemicals 
though they may be devoid of activity, are converted to active compounds 
during their changes in the tissues, and if the metabolic products can be 
isolated and compared with the original drug, similar conclusions can 
again be drawn. 
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Care must be exercised in interpreting the effects of structural changes. 
A new chemical structure means a new set of reactions between drug and 
body or cell constituents, and thereby perhaps a new mechanism of ac¬ 
tion. However, alterations of the functional groups may also change 
primarily such physical properties as the solubility of a compound, and in 
this way alter its absorption and distribution characteristics on cell mem¬ 
branes and in tissues. The term “change of physiological action by al¬ 
teration of chemical structure” thus assumes a broad meaning, incorporat¬ 
ing both the act of the drug in reaching the place of action, and the mode 
of action itself after the drug has reached the proper body chemicals. 

As mentioned before, no overall predictions can be made about the 
effect of structural variations on biological activity. It seems rather 
fruitless to discuss at length this problem whose success is so questionable. 
Fifteen years ago, no other avenue was open to medicinal research, and 
consequently all books and articles of that era contained long introduc¬ 
tory chapters on this subject. No less than 118 pages are devoted to 
generalizations about structure-action relations in Frankel’s classical work 
on pharmaceutical chemistry,^ but a careful count of the deviations from 
the rules shows an almost even balance of regularities and irregularities. 
Recognizing the relative futility of such thoughts, only a brief discussion 
of these relations will be offered here. They will be dealt with in detail 
in the individual chapters of this book, since the gradual variation of chemi¬ 
cal structures has been the most useful and realistic approach to better 
drugs in a structurally limited series. In some cases it will be possible to 
point to other series of drugs in which analogous structural changes pro¬ 
duce analogous gradations of biological response. 

1. Reactivity and Intensity of Action 

In many series of compounds, intensity of biological activity is pro¬ 
portional to chemical reactivity. The paraffins are less active as anes¬ 
thetics and toxic agents than the corresponding olefins, cycloalkanes, 
acetylenes or aromatic hydrocarbons. Their narcotic action increases in 

homologous series but is limited by loss of solubility and volatility among 
the higher members. 


(a) Alkyl Groups 

Wlienever an alkyl group replaces a reactive hydrogen atom (HCN —^ 
RCN; ArOH ArOR; RNH 2 R 2 NH), the over-all biological activity 
of the alkylated compound is lower than that of the non-alkylated deriva- 

^ Frankel, Die Arzneimittelsyntkese. 6th ed., Urban & Schwarzenberg, Berlin, 1927. 



32 


CHAPTER III 


tive. This rule has, however, many exceptions. Some simple alkyl- 
amines are more toxic than ammonia, ethers more toxic than alcohols 
(ROIi, ROR), and the dimethyl ether of re.sorcinol (1,3-(CH30)2C6H4) 
is more toxic than resorcinol. But with toxicity and ph3'siological activity 
not being equal, one cannot rcl.v too heavily on this comparison. 

Different a\ky\ groups endow a basic structural unit with different 
physical properties. Higher alkyl ethers have lower melting points, a 
higher lipid solubility and lower volatility than methyl ethers, and these 
properties influence medicinal qualifications in various irregular ways. 
There are some rather striking phenomena in this series which defy ex¬ 
planation. Certain dyes containing diethjdamino groups dye nerve fibers 
while the corresponding dimethj'lamino compounds tlo not have this 
ability. p-Methoxyphenylcarbamide (CTROCgH^NHCOKHs) is tasteless 
while the ethoxy analog (Dulcin) is 200 times as sweet as sucrose. Finally, 
removal of the two methyl groups from the molecule of the trypanocidal 
drug Suramine (C49H.toN6023Sc, see Chapter XXXVII), reduces the effec-* 
tiveness about one-hundred times. It is hard to see what influence two 
methyl groups could have on solubility, or stcric configuration of such a 


large molecule. 

If alkyl groups neighbor reactive positions, the,y may exert steric block¬ 
ing and thereby restrict the reactivity of the compound. This lowered 
reactivity can, in turn, reduce the biological activity of the drug in com¬ 
parison with a sterically unhindered nor-derivative. 


(b) Amines 

Primary amines are usually more toxic, and often more active, than 
secondary amines, and the latter ai'e followetl by tertiary amines. The 
highly ionized quaternarj' ammonium bases and their quaternary isologs, 
sulfonium, arsonium and phosphonium compounfis act most intently and 
cause curariform paralysis in small dosages (Chapter XXII). Acylation 
of amino groups quite generally decreases their activity, as does the in¬ 
troduction of carboxyl or sulfo groups into their molecule, since the latter 
groups reduce the reactivity of the amino group by zwitterion formation. 
Vice-versa, diamines are more active than monoamines. Many aromatic 
amines with free p- or o- positions are oxidized to the corresponding amino- 
phenols, and since the latter are readily dehydrogenated to quinoid deriv¬ 
atives, their phj'siological activity is often greater and yet more specific 
than that of the parent amines. 
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(c) Alcohols and Phenols 

Alcohols are more weakly depressant than their parent hydrocarbons, 
and diols, triols, etc., show progressively less intense physiological ac¬ 
tivity. Propanol is much more active than glycerol, hexanol more than 
sorbitol; butyraldehyde is more active than its /3-hydroxy derivative, 
aldol, and the toxic hexaldehyde can barely be compared with the medic¬ 
inally inert glucose. Only if the alcohol is particularly easily metabolized 
to a highly toxic product (ethylene glycol to oxalic acid) will the observer 
get a picture of unexpected toxicity. 

It is difficult to draw up a rule about the relative activity of primary, 
secondary and tertiary alcohols. One would expect that tertiary alcohols 
are so sterically hindered that their most common biological reaction, 
esterification, should proceed very slowly. Also, they cannot be dehy¬ 
drogenated, in contrast to primary and secondary alcohols which yield 
aldehydes and ketones, respectively. Yet, tertiary alcohols, are the most 
active of the three types, perhaps because of their ability to form car- 
bonium ions. 

Etherification of hydroxyl groups generally decreases further physio¬ 
logical activity. So does esterification, as long as conditions are unfa¬ 
vorable to an easy hydrolysis of the ester which could bare the reactive 
hydroxyl group. It would be ^^Tong to conclude from these facts that 
the hydroxyl group is responsible for a particular biological activity, but 
it appears that it anchors the molecule on a reactive position of a cell 
chemical. This view has been elaborated recently in connection with 
cholinergic drugs (Chapter XXI). 

Phenols are acidic compounds and are, in contrast to the alcohols, 
much more toxic than their aromatic parent hydrocarbons. Polyphenolic 
compounds are even more poisonous. On the other hand, introduction of 
a carboxyl or sulfonic acid group modifies and decreases their biological 
activity. If the acid group is immobilized by esterification or amide 
formation, the original effect of the phenolic compound returns in con¬ 
siderable measure. 

(d) Aldehydes and Ketones 

Aldehydes are usually more reactive than ketones and consequently 
exhibit a more intense biological activity. Formaldehyde is a potent 
antiseptic, killing cells and hardening tissues by precipitation and coagula¬ 
tion of proteins. Ketones are pharmacologically more like the corre- 
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spending secondary alcohols, but both aldehyde and keto groups occur in 
such a wide variety of compounds that generalizations are not possible. 
One may think of such divergent aldehydes as vanillin, streptomycin and 
chlorophyll-b to realize the difficulties of drawing any well-supported 
conclusions. 


(e) Acids 

The introduction of carboxyl, sulfonic, arsonic, phosphonic and other 
acid groups into the molecule of an active or poisonous drug generally 
sharply lowers its biological potency. Nitro, amino, and hydroxy com¬ 
pounds become less active or even completely inactive pharmacologically. 
The difference between a poisonous proteinogenous amine (RCH 2 NH 2 ) 
and the corresponding amino acid (RCH(COOH)NH 2 ) is a case in point. 
The amino acids are largely interesting as food stuffs, while the amines 
produce striking medicinal effects. A similar decrease of biological prop¬ 
erties has already been mentioned above for the covering-up of a reactive 
group by acyl radicals. Amides and esters are generally less active than 
the parent amines, alcohols or phenols. 

(f) Halogens 

Depending on their electrochemical nature, halogens exert a pronounced 
influence on the biological behavior of organic compounds. Halogen 
substituted in nonconjugated positions (“negative halogen”) usually in¬ 
creases both useful and toxic properties of active compounds, but not at 
the same rate. The increase in toxicity is often negligible, and many 
medicinal chemists look upon halogen substitution as a reasonable means 
of stepping up activity, and widening the margin of safety in a given 
series. 

The so-called positive halogens in acid chlorides, a-halogeno carbonyl 
compounds, etc., have the opposite effect. Their toxicity decreases as 
the number of positive halogens is augmented, and other anomalies are 
also noted. Compounds having “available” halogen (chloramines. Chap¬ 
ter XXXXIII) are strongly antiseptic, in proportion to the percentage of 
hypohalous acid they can furnish on hydrolysis. 

There is no clear-cut difference between the activities of organically 
bound chlorine, bromine and iodine. More antiseptics seem to have been 
found among iodinated compounds, but this statement may well be dis¬ 
puted. Brominated derivatives have been said to lean toward depressant 
properties, but this generalization would again not stand up under statis¬ 
tical analysis. Fluorinated compounds appear to be much less physio¬ 
logically active than derivatives containing other halogens, and even less 
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than the corresponding non-fluorinated substances. This anomalous be¬ 
havior may be caused by the stability of fluorine derivatives which owe 
their inertness to the shortened distance between carbon and fluorine 
atoms, and to the strong resonating effects in their molecules. 
This phenomenon fits into the general picture of a parallelism between 
reactivity and physiological activity. It is noted in many compounds 
which contain reactive elements. The vesicant mustard gas [(CICH2 
0112)28] is detoxicated, when its reactive sulfide atom is oxidized to the 
inert sulfone group [(C1CH2CH2)2S02]. 

The foregoing brief remarks must leave with the reader a feeling of 
dissatisfaction. It seems that it is not possible to correlate chemical 
structure and action upon living cells to any degree of accuracy. One 
obvious reason for this failure lies in the working method applied to this 
problem: we have contemplated what changes in biological activity will 
accompany given changes in chemical structure. One arrives at a more 
satisfactory picture if instead of these two variables, only one variable is 
chosen. We can pose the question: how far can we change the chemical 
structure of a compound without altering its physiological properties? 
An attempt to answer this question is made by trying to correlate the physi¬ 
cal properties of a compound with its pharmacological activity, and this 
comparison may be discussed conveniently in connection with the theory 
of isosterism. 
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Physical Properties and Biological Activity 


The physical properties of a compound depend on its chemical struc¬ 
ture, and it is therefore obvious that not much can be gained by a com¬ 
parison of physical properties and biological activity, if a similar comparison 
with purely structural factors has remained inconclusive. However, so 
much work has been done on this problem that a few remarks about its 
outcome are in order. 

The most obvious physical properties which lend themselves to in¬ 
vestigation are acid and basic dissociation and other electrical constants, 
densities, surface phenomena, molecular weights and shapes, optical proper¬ 
ties (spectral, refraction, polarization, etc.), atomic distances, parachor, 
specific heats and other thermal data. There is no doubt that in a given 
limited series of structurally related compounds, progressive changes of 
certain physical properties follow the same trends as the analogous changes 
of biological manifestations. However, here again we cannot carry over 
such limited regularities to other groups of (compounds, and we are faced 
with the same restrictions imposed by our understanding of structure-and- 
action relationships. 

In view of this lack of overall regularities, this volume will review the 
relations of physical and physiological properties only in the individual 
chapters devoted to the description of a given series of drugs. In lieu of 
a condensed enumeration of many unrelated observations in different 
series, the following section on isosterism will present a more unified view 
of these relations with only one variable property. 

I. ISOSTERISM* 

The concept of isosterism was evolved in an attempt to correlate the 
structure and properties of molecules, especially those with similar electron 
patterns, in analogy to the relationship of atoms with identical valence 
electron shells. As the study of this phenomenon progressed it was hoped 
that predictions could be made based on such relations, just as predictions 
of the properties of elements had become possible by the evolution of 
the periodic table. Unfortunately, complicating and poorly understood 

‘ Adapted and abridged from the thesis of Dr. Edith A. Graef, University of Vir¬ 
ginia, Charlottesville, Virginia, 1946. 
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effects of steric and electrical forces of the atomic constituents in more 
complex molecules have caused some confusion in defining isosterism. 
But, in the absence of any other comprehensive correlation of the prop¬ 
erties of compounds and their molecular structure, speculation along these 
lines has remained attractive. 

On the basis of the rather ill-defined term of isosterism, many medicinal 
chemists have planned research projects designed to lead to compounds of 
similar actions as those of model drugs. More often, isosterism has been 
invoked 'post facto to explain the similarity of pliysiological activity of 
structurally analogous compounds. Some investigators have stretched 
structural analogies beyond all physical evidence of likeness. In view of 
this confusion, a brief survey of isosterism as it applies to medicinal chem¬ 
istry seems indicated. 

Isosteric molecules must not necessarily be closely similar in all 
properties, but if their “electrical fields” and molecular weights were 
identical or almost identical, a definite resemblance of properties should 
exist. The concept of electrical fields is not too clearly defined but a few 
of the more patent factors determining this entity are suggested in the 
following list: { 1 ) Number and type of electrons. ( 2 ) Charge on the 
isosteric molecules. ( 5 ) Type of binding. ( 4 ) Dipole Moments. ( 6 ) 
Resonance Energy. ( 6 ) Tautomerism. ( 7 ) Chelation. 

One can see that compounds exhibiting similar physical phenomena as 
they are listed above should have not only a similar complex of electrical 
properties, but also a similar shape and size, provided their molecular 
weights are not too far apart. This similarity of properties should be 
reflected in a similarity of physiological activity. However, not only 
close analogy of biological properties but also antagonism of pharma¬ 
cological behavior between isosteric compounds has been observed fre¬ 
quently. Compounds structurally and physically closely related to blood 
coagulants have been found to have anticoagulant properties. Compounds 
which are needed by cells as normal nutrients (metabolites) can be turned 
into inhibitors of cellular life (antimetabolites) by suitable, often minor 
structural variations. The significance of this phenomenon for drug re¬ 
search is obvious. We might be able to construct molecules of compounds 
potentially useful in combatting bacterial infections if we know the struc¬ 
ture of bacterial metabolites. By altering the structure of hormones, we 
could synthesize drugs which might counteract hyperactivity of these 
biocatalysts in the body. So important has been the impact of this 
hypothesis on medicinal thinking that it will be discussed in a special 
chapter (XXXII) and \vill be found to pervade many considerations in this 
book. We do not yet have any rules to guide us where similarity of 
biological properties will end, and antagonism will begin in isosteric com- 
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pounds. As Pauling* put it, “the specificity of the physiological activity 
of substances is determined by the size and shape of molecules, rather 
than primarily by their chemical properties, and the size and shape find 
expression by determining the extent to which certain surface regions of 
the molecules can be brought into juxtaposition.” 

1. Theories of Isosterism 
(a) Early Explanations 

The basic ideas underlying all the theories of isosterism were developed 
in inorganic chemistry in order to show that a structural analogy must 
exist between nonisomeric molecules showing a marked similarity in phy¬ 
sical, chemical and physiological properties. In what seems to have been 
the first attempt to explain such similarities, Moir* in 1909 suggested that 
atomic nitrogen would be found not to be an element, but a compound 
CX, where X was an unknown element of atomic weight 2 , and that oxygen 
was a similar compound CXa. This prediction was based upon the known 
physical similarities of carbon monoxide and nitrogen which, according to 
Moir’s ideas, would be isomeric, both being C2X2. Seven years later 
Hinsberg^ tried to deduce the shape of molecules by the same mode of 
reasoning. Because of the striking resemblance of benzene to thiophene 
and pyridine, he thought that divalent sulfur and the group —CH=CH— 
must be “ring equivalents,” as must —N= and —CH=. Sulfur, there¬ 
fore, should resemble —CH=CH— in its external form; in a model of this 
similarity, no attention was paid to the two hydrogen atoms of the —C2H2— 
group, since “they would be swallowed up by the much larger carbon 
atoms.” This concept has remained a favorite practice of later workers. 

Allen® approached the problem from a different angle. He defined the 
molecular number of a compound AaB6— as AT = aN^ + -!-••• where 

ATb, etc. are the corresponding atomic numbers. In the case of 
ammonium ions, NH4''', the molecular number, 11, equals the atomic 
number of the similar sodium ion. He further found simple relationships 
between the product of a characteristic frequency and the molecular 
number and the specific heat or other physical properties. 

This molecular number of Allen’s is obviously the total number of 
electrons in the molecule, and hence those compounds which Allen found 

“Pauling, Chem. Eng. News, 24, 1375 (1946). Compare Breinl and Haurowitz, Z. 
physiol. Chem., 192, 45 (1930); Mudd, J. Immunol., 23, 423 (1932); Alexander, 
Protoplasma, 14, 296 (1931); Pauling, J. Am. Chem. Soc., 62, 2643 (1940). 

» Moir, J. Chem. Min. Soc. S.A., 98, 335 (1909); Chem. News, 124,105,118,133 (1922). 

^Hinsberg, J. prakt. Chem., 93, 302 (1916); 94, 179 (1916). 

6 Allen, J. Chem. Soc., 113, 389 (1918); Phil. Mag., 35, 338 (1918). 
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similar on the basis of molecular number are exactly those which fulfill 
the conditions Langmuir* set up for isosteric molecules. In his papers on 
the development of the octet theory, he mentioned that, in order to have 
such a low boiling point, nitrogen must have a sj^mmetrical molecule, and 
that carbon monoxide must have a similar structure. Nitrogen and 
carbon monoxide are isosteric, because they have the same number and 
arrangement of electrons. This definition can be extended to any other 
pair of isosteric compounds. Furthermore, if they are also isoelectric, 
that is, have the same total charge on the comolecules, the compounds 
may be expected to show close similarity in all their physical properties. 
Langmuir cited not only the case of nitrogen and carbon monoxide but 
also those of carbon dioxide and nitrous oxide, methane and argon, etc. 
In the organic field, he predicted the similarity of diazomethane (CH2N2) 
and ketene (CH2=CO), the latter being then unknown. This prediction 
has been borne out by later observations.^ 

(b) The Hydride Displacement Law 

Soon thereafter Hiickel® pointed out that —CH= should be equi¬ 
valent to —N= in organic compounds, and —NH— the equivalent of 
— 0 —. This concept was elaborated by Grimm into the “hydride dis¬ 
placement law” formulated in Table I. 

TABLE I. Grimm’s Hydride Displacement Law® 


Number of electrons 


6 

7 

, 8 

9 

10 

C 

N 

0 

F 

Ne 


CH 

NH 

OH 

FH 



CHj 

NHj 

OH 2 




CIL 

NH3 


Grimm believed that molecules differing only by such replacements as, 
for example, ethyl fluoride, ethyl alcohol, ethylamine and propane {vide, 
the 9 -electron vertical column), may appear chemically wholly different 
and yet be analogous in physical properties. He used the term pseudoatom 
for groups such as OH or NH2, and said that one could predict fro m 
analogies based on his table definite physical values dependent on molecular 
size and electron configuration, on condition that these properties be 
relatively unaffected by dipole moments. 

“Langmuir, J. Am. Chem. Soc., 41, 868 , 1543 (1919). 

^Murty, Current Sci., 5, 424 (1937); Chem. Abstr., 31, 4644 (1936). 

® Hiickel, Z. Eleklrochem., 27, 305 (1921). Grimm, Angew. Chem., 42, 367 (1929)’ 
47, 63, 594 (1934); Z. Eleklrochem., 34, 430 (1928); Naturunss., 17, 535 , 557 (1929)! 
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In the formulation of this idea, Grimm thought that in each pseudo¬ 
atom such as the imino group, the hydrogen proton is absorbed within the 
innei electron orbits of the nitrogen atom, and the hydrogen electron goes 
o\'er into tlie general “molecular orbits,” the resultant effect being that of 
an atom of z + 1 charge. Such a condition is allowed® if one atom is 
small enough, a proviso satisfied l)y hydrogen if by anything. In atoms 
larger than nitrogen tlie hydrogen, according to this theory, will be ab¬ 
sorbed only within the outer valence electron orbits. The inner atomic 
orbits in every case must remain unchanged as shown by X-ray spectra of 
molecules. This concept of Langmuir’s picture has been applied to show 
that the pseudo-halogen molecules, HO—Oil, NIL—NIL, and CIL—GH3, 
all have the same number of electrons and the same type of binding.^® 
Any pseudo-halogen obeys the relationship: 

2 (outer electrons) -}~ ^^(binding electrons) = 8n + 2 m — 1 

wheie Tt is the number of atoms surrounfled by an electron orbit, and m 
is the number of hydrogen atoms of the radical. Thus, for the cyanide 
1 adical, -C.-.N., the number of outer electrons is nine, the number of 
binding electrons is six, n = 2 , and ?rt = 0 ; then 9 - 10=15 = 8 X 2 — 1 . 

In an elaboration of Grimm’s hypothesis, Erlenmeyer’^ postulated 
that, if only the outer electrons in a molecular orbit arising from the entire 
molecule are considered, one can never arrive at an identity of properties 
but only at a constant variation between groups. 

This concept of molecular orbits was applied to formulate a system of 
inorganic acids and retained the static idea that although electrons move 
they nevertheless remain in fixed orbits. This was later contested not 
only on the basis of the quantum theory with its insistence on probable 
electron density rather than mechanical orliits, but also more drastically, 
on the basis of electron resonance. One must consider, therefore, more 
factors than the total number of electrons in deciding whether two com¬ 
pounds are isosteric or not; that is, the term must be redefined. These 
other properties include similarities in melting points (if possible, forma¬ 
tion of mixed crystals), boiling points, densities in the liquid state, critical 
temperatures, pressures and volumes, and molecular weights. 

(c) Steric Factors 

The idea that isosteric molecules must possess equal form and volumes 
has been firmly accepted by many investigators. Physical evidence for 

*MulUken, Chem. Revs., 9, .347 (1931). 

»» Huckel, Z. Elektrochem., 27, .305 (1921). 

“ Erlenmeyer and Leo, Helv. Chim. Ada, 16, 897 (1933). Erlenmeyer, Z. physik. 

Chem., B, 27, 404 (1934). 
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and against this assumption has been presented on numerous occasions. 
On the basis of Cp/Cv values, viscosity measurements, and the fact that 
aberrations of specific heat values may be due to “internal vibrational and 
rotational energies,” diphenyiraethane and diplienyl ether were shown to 
have approximately the same collision arcas.^^ Pease used the van der 
Waal’s b values for comparison; in his experiments, he did not assume that 
the hydrogens of pseudo-atoms were swallowed up but rather sought to 
prove that the groups minus hydrogen were identical in volume. Many 
other methods of volume and shape comparison have been used, based on 
the similar mobilities of isosteric ions,^^ densities of complex ions,^** atomic 
and ionic radii,and additive functions such as the parachor of isosteric 
molecules.^® One can even derive a rule showing that the shape of mole¬ 
cules is bound up wth the valence electron pattern.'^ 

The conclusion that isosteric molecules must have equal volumes and 
similar shapes has led many students of isosterism to believe that such 
compounds must form mixed crystals, and the majority have used melting 
points and melting point curves as the single criterion of isosterism. Gen¬ 
eral statements have been made that methyl replaces chlorine and bro¬ 
mine but not iodine isomorphically in organic compounds, or that hydroxyl 
and fluorine are isomorphic. Ultimately, two hundred pairs of isosteric 
compounds were studies for mixed crystal formation, but only forty-nine 
showed mixed crystals over the whole range of percentage composition, 
and to this low percentage can be added only another thirty-four pairs 
which showed mixed crystals over part of the composition range. 

The net result of these studies^® is that isosteric compounds are iso¬ 
morphic in the Langmuir sense, but that mixed crystal formation may or 
may not occur, the reason for its occurrence being at present unknown. 
Maybe not only the size of the crystal unit but also the polarization must 
be identical. Some authors have stated that the solubility as well as the 
crystal form must be similar for mixed crystal formation to occur. This 
condition is not generally satisfied by isosteric molecules, principally be¬ 
cause of the influence of the dielectric constants on solubility. While this 
IS negligible for solvated isosteric ionic salts which form mixed crystals, 
it assumes great importance for isosteric molecules. 


” Rankine, Nature, 107 , 203 

(1921). Menzies, ibid., 107, 331 (1921). 

I! and Huttner, Z. anorg. u. allgem. Chem., 190, 38 (1930) 

“ Ilieber, Ries and Bader, ibid., 190, 215 (1930). 

“ Goldschmidt, Her., 60, 1263 (1927). 

*“ Copley, Chemistry & Industry, 59, 675 (1940). 

” Zachariasen, J. Am. Chem. Soc., 53. 2123 (1931) 

» Erlenmoyer and Berger, Biochem. Z.. 255. 429 (1932). Erlenmeyer and Leo Helv 

Chim Acta, 16,897 (1933).Erlenmeyer,Z. physik. Ckem.,B, 27,404(1934) Grimm 
Gunther, and Tittus, ibid., 14, 169 (1931). . ' ’ » ^ 
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2, Other Physical Properties 

With isomorphism placed in such an uncertain position as a criterion 
of isosterism, other physical properties have been compared for this pur¬ 
pose. 1 he boiling points of analogous benzene and thiophene derivatives 
show a striking similarity, but unfortunately not in all cases.For 
simpler compounds such as dimethyl ether, dimethylamine, propane, etc.,20 
as well as for methyl fluoride, methanol, methylamine and ethane,^*- no 
definite regularity can be observed. Likewise, comparisons of ionization 
potentials-- and the decomposition voltage of pseudohalogens do not indi¬ 
cate valuable points of comparison. The acid dissociation constants of 
isosteric heterocyclic acids show additive differences,^^ and the dipole 
moment factor again appears to explain some of these differences. While 
reduction-oxidation potentials do not depend closely on dipole moment, 
the acid potential does, the dissociation being the greater the more elec¬ 
tron-attracting the substituent groups are. An important case of this 
regularity is the acid dissociation of sulfa drugs where the extent of ioniza¬ 
tion depends upon the electro-negativity of the substituent K in 
p-H2NC6n.iSO.;NIIR.2* Closely related to the evaluation of dissociation 
potentials is the measurement of absorption wave lengths. Studies along 
the.se lines have furnished variable results. If, for example, the intensity 
of absorption as log E is plotted against the wave length for a series of 
isosteric compounds, the curves are by no means coincidental or even 
geometrically similar, but are nevertheless of the same type, and the max¬ 
ima and minima occur at the same wave lengths.^® If the compounds con¬ 
tain asymmetric carbon atoms bonded to isosteric groups, theii' optical 
activity is also very similar. This was observed for benzoin and its chloro 
and methyl analogs,^® as well as for cocaine and its thiophene isostere^® 
(Chapter VIII). 

Comparisons of the conductivity of isosteric compounds have shown 
that, for pseudohalogens, it differs because of unequal degrees of hydration 
and not because of another innate disparity 

Steinkopf and Liitzkendorf, Ann., 403, 45 (1014). Robinson and Todd, J. Chem. 

Soc., 1939, 1743. 

Grimm, Z. Eleklrochem., 31, 474 (1933). 

Schnieder, ibid., 36, 700 (1930). 

** Birckenbach and Kellermann, Z. anorg. u. allgem. Chem., 190, I (1930). Nalur- 

wiss., 18. 5.30 (1930). 

Erlenmeyer, Epprecht, and Meyenburg, Helv. Chim. Acta, 20, 310 (1937). 

Boll and Roblin, J. Am. Chem. Soc., 64, 2905 (1942); compare Chapter XXXIV. 

Preiswerk and Erlenmeyer, Helv. Chim. Acta, 17, 329 (1934). 

** Steinkopf and Ohse, Ann., 437, 14 (1924). 

” Birkenbach and Huttner, Z. anorg. u. allgem. Chem., 190, 38 (1930). 
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3. Effects of Isosteres on Reactivity 

The catalytic effect on a standard reaction such as the Menschutkin 
reaction (EtI + EtjN —> Et4NI) of a series of solvents differing by the 
hydride displacement law does not wholly parallel the dielectric constants 
of the solvents, but rather parallels the melting and boiling points. In 
these properties, the asymmetric form of a single part of the molecule of 
the isostere must be decisive.^ If benzene, thiophene and furan are used 
as reaction solvents, no relation exists between the reaction velocity and 
the dielectric constant or the viscositySince the dielectric constant is 
not the only criterion of a good solvent for ions, such relations would not 
necessarily be expected. 

Aside from such collations of physical properties, many comparisons 
of the chemical reactivity of isosteres have also been made. More impor¬ 
tant for the scope of this volume is a comparison of biological activities. 

4. Classification of Isosteres 

One criterion of a similar electrical field in physiologically similar iso¬ 
steres is the requirement that the number of electrons be approximately 
the same and, more important, that the resultant angular momentum be 
the same. For example, in thiophene and benzene the total number of 
electrons differ by 2, but their angular momentum can be shown to be the 
same. One might conveniently define isosteric compounds of the first 
order as two compounds which differ only by two groups containing the 
same number and kind of electrons, e.g., —CH: and —N: each of which 
has seven electrons, two of major quantum number 1, and five of major 
quantum number 2 . Such compounds cannot be expected a priori to 
show similar physical properties, except that they will have equal volumes 
and similar shapes unless greatly deformed by a strong electrical field. 
That IS, the volume wfill be more nearly identical if the molecules are highly 
dispersed and not under electrical influences. 

Isosteric compounds of the second order may differ in the total number 
of electrons, but have the same resultant electronic state; i.e., they may 
have roughly the same number (p) of unpaired electrons of the same 
major quantum number, or n—p unpaired electrons where n is the total 
number of electrons allowed with the given major quantum number. 
This latter case is not often considered in practice. Such isosteres will 
again not necessarily have similar physical properties—as demonstrated 
m the earlier part of this chapter—but if their total number of electrons 

Grimm, Ruf, and Wolff, Z. physik. Chem., 13, 301 (1931). 

” ‘‘“d Emster, 
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is not too widely different, they will probably have similar volumes and 
shapes. Copley’s parachors are recommended as a convenient test. This 
smiilarily in size and shape thus becomes the paramount prerequisite for 
analogous or antagonistic physiological activity. 

A further important property which must be considered in defining 
isosterism in physiologically similar compounds is the dipole moment, the 
measurement of the relative displacement of centers of opposite charge. 
If a large dipole exists, the electric field is obviously distorted, and this will 
affect physical and chemical proj)erties, particularly those which depend 
on the asymmetry of the molecules, and on molecular association resulting 
from dipole attractions. The solubility, boiling point, heat of vaporiza¬ 
tion, change of vapor pressure with temperature, and change of viscosity 
and surface tension with temperature may all be expected to differ for two 
isosteric compounds having different dipole moments. To this must be 
added the resonance possibilities of isosteric molecules, since resonance 
changes the basic ground level energy of a molecule and hence its stability. 
The resonance energies of a few selected isosteres have been measured and 
have been found to agree with the predicted properties of isosteres, but 
the agreement was probably closer and more generally apparent than would 
have been the case in a more comprehensive survey. 

Inasmuch as resonance stabilizes eacli tautomeric form, it exerts in¬ 
directly an effect on its chemical reactivity, spectra, solubilities, etc. 
Chelation must also be considered in comparing isosteres, since this prop¬ 
erty affects boiling points, solubilities, and other physical properties. 

Complications arise usually from the interaction of these factors among 
themselves and with others such as steric hindrance. It is fortunate for 
the practical medicinal chemist that so often isosteres seem to show some¬ 
what the same physiological action without regard to these other con¬ 
siderations. But for the scientifically correct evaluation of isosterism, it 
is obviously not sufficient to determine one or two physical properties, and 
to call compounds isosteric if they happen to conform to the rule ratlier 
than to the exception in these respects. Only by measuring all the prop¬ 
erties affected by electronic configuration as well as dipole moments can 
we arrive at a sound interpretation of this fascinating phenomenon. 

5. Biological Activity of Isosteres 

The idea that a given type of biological activity is due to the energy 
field at one active part of the molecule, the “haptophore” or “pharmaco¬ 
phore” group, has been reiterated time and again during the past seventy 
years, ever since Ehrlich introduced these terms in his early studies of 
immunological reactions. It has received renewed attention very recently 
in the discussion of Ing, and of Pfeiffer (Chapter XXI) concerning the 
chemical cause of cholinergic activity. 
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Biological activity is similar, or occasionally diametrically opposed 
(antagonistic) in isosteric compounds. Isosteres cannot be distinguished 
by serological reactions since many of them produce antibodies which give 
the same strong reactions with homologous antigens. Thus, p-amino- 
diphenylamine, p-aminodiphenylmethane, and p-aminodiphenyl ether all 
show the same antigen activity.^® 

In an earlier attempt to prove that only the outer electronic shell had 
to be the same in isosteres, it was found that, for compounds of the type 
P-H2NC0H4MO3H2, where M is phosphorus or arsenic, the antigenic activ¬ 
ity is the same; whereas if M is antimony, the activity is wholly different. 
This appears to agree with the kno^vn isomorphism of phosphoric and 
arsenic acids while antimonic acid seems to exist only in a polymeric form. 

Tables II, III and IV review the physiological comparison of some 
isosteres. The compounds have been arranged according to isosteric 
groups (N:CH, 0 :NH, 0:CH2, etc.). Many of these comparisons will 
be re-encountered in other chapters of this book, where structural formulas 
will also generally be found. 

One cannot draw a dogmatic conclusion from the observations re¬ 
corded in these Tables that any or all properties of isosteric molecules must 
be closely similar. Yet, the comparisons support the belief that definite 
physiological resemblance or antagonism involve identical, or almost iden¬ 
tical, electrical fields, molecular weights and molecular shapes. 

TABLE 11. Physioloqical Activity of Isostjjric Compounds with Same 
_ Total Number of Electrons, and Having Same Valence Shells 

Isostere (a) Isostere (b) Physiological action 


Same antigen activity®* 
Great similarity in action 
and toxicity®* 
Antagonists®® 

Similar antagonism to sul¬ 
fonamides®^ 

Antagonists®® 

Same antigen activity®* 
Antagonists®® 

(a) is hemorrhagic 

(b) 1/50 as active®’ 

Table continued 

Erlenmeyer and Berger, Biochem. Z., 255, 429 (1922); 264, 113 ( 1931 ). 


N. . 

Diphenylamine 

Dimethylaminoantipyrine 

Benzimidazole 

2-Amino-5-carboxypyri- 

dine 

5-Amino-7-hydroxy-l-v- 
triazole(d) pyrimidine 

O. . 

Diphenyl ether 

Oxythiamine 

Dicumarol 


.CH 

Diphenylmethane 

Isopropylantipyrine 

Adenine 

p-Aminobenzoic acid 
Guanine 
NH 

Diphenylamine 
Thiamine 
Quinolone analog 
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TABLE II. {Continued) 


Isostere (a) 

Isostere (b) 

Physiological action 

o. 

. CHa 


Diphenyl ether 

Diphenylmethane 

Same antigen activity®^ 

Nicotinic Acid 

3-Acetylpyridine 

Antagonists*® 

Isobarbituric Acid 

Thymine 

Antagonists®* 

NH.. 

. CH=CH 


Indole-3-acetic Acid 

1-Naphthylacetic Acid 

Similar heteroauxin activ¬ 



ity 

Indole-3-acrylic Acid 

l-Naphthylacrylic Acid 

Similar, tryptophan an¬ 



tagonists^* 

5-Methylacridine Amino 

Phenanthrene Amino al¬ 

Analgetics^* 

alcohols 

cohols 


0 ... 

CH=CH 


2-Furylethylamine 

Phenethylamine 

Same effect on blood pres¬ 



sure^* 

2-Furylmethylamine 

N-Methylaniline 

Same effect on blood pres¬ 



sure** 

2-Methylamino-3-furylpro- 2-Methylamino-3-phenyl- 

Same effect on blood pres¬ 

panol 

propanol 

sure** 

2-(2-Furyl )-4-carboxyqui 

- Cinchophen 

Both analgetic and anti- 

noline 


.pyretic** 

Furan isolog of cocaine 

Cocaine 

Similar** 

Furan isolog of procaine 

Procaine 

Similar*® 

Dibenzofuran 

Phenanthrene 

Similar, graded activity** 

S... — 

CHjCHj— 


Biotin 

Cyclohexane analog 

Antagonists*® 


of biotin 



Erlenmeyer and Leo, Helv. Chim. Acta, 26, 733 (1943). Erlenmcyer, Biochein. Z.t 
252, 22 (1932); 262, 196 (1933). 

Erlenmeyer and Willi, Helv. Chim. Acta, 18, 740 (1935). 

« Woolley, J. Biol. Chem., 154, 31 (1944). 

Martin, Rose, and Swain, Nature, 154, 639 (1944). 

Roblin, Lampen, English, Cole, and Vaughn, J. Am. Chem. Soc., 67, 290 (1945). 

** Bergel and Todd, J. Chem. Soc., 1504 (1937). Soodak and Cerecedo, J. Am. Chem. 
Soc., 66, 1988 (1944). 

” Link, Harvey Lectures, 1944. Meunier, Mentzer, Buu-Hoi, and Cagniant, Bull, 
soc. chim. hiol., 25, 384 (1943). 

Woolley, J. Biol. Chem., 157, 455 (1945). 

** Hitchings, Falco, and Sherwood, Science, 102, 251 (1945). 

Bloch and Erlenmeyer, Helv. Chim. Acta, 25, 694, 1062 (1942). 

Ruberg and Small, J. Am. Chem. Soc., 60, 1591 (1938). 

Erlenmeyer and Simon, Helv. Chim. Acta, 24, 1210 (1941). 

Gilman and Pickens, J. Am. Chem. Soc., 47, 245 (1925). 

** Mosettig and Robinson, ibid., 57, 2186 (1935). 

English, Clapp, Cole, Halverstadt, Lampen, and Roblin, ibid., 67, 295 (1945). 
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TABLE III. Physiological Activity of Isosteric Compounds Differing 
IN Total Number of Electrons, but Having Same Valence Shells 


Isostero (a) 


Isostero (b) 


CH8,OIl..Br,Cl 

Isobarbituric Acid 5-Bromouracil 


Physiological action 


Riboflavin 

Thymine 


S... 


Chloroflavin 

5-Bromouracil 

—CH=CH— 


2-(2-Thienyl )-4-carboxy- 
quinoline 

Thiophene isolog of Co¬ 
caine 

Thiophene isolog of Atro¬ 
pine 

Thiophene isolog of Eu- 
caine A 

p-Amino-(2-thiophene )- 
anilide 

2-Carboxythiophene 
Thiophene isolog of Sto¬ 
vaine 

Thiophene isolog of phena- 
cetin 

Thenoyl quinine 
Thenoyl glycine 
Thiophene isolog of Pro¬ 
caine 

2-Thienylalaninc 
N-Ethylthienylamine 
Dibenzothiophene amino 
alcohols 

5-Methyl-4,7-benzothi- 
enylquinone 
Thiazole-4-carboxamide 

Thiazole-4-carboxylic acid 
Thiazole-4,5-bisCdiethyl- 
carboxamide) 
Thiazole-4-diethyIcarbox- 
amide 

Thiazole-5-carboxamide 

2.4- Dioxo-5,5-diethylthia- 
zolidine 

2.4- Dioxo-5,5-di-n-propyl- 
thiazolidine 


Cinchophen 

Cocaine 

Atropine 

Eucaine A 

p-Aminobenzanilide 

Benzoic Acid 
Stovaine 

Phenacetin 

Benzoyl quinine 
Hippuric Acid 
Procaine 

Phenylalanine 
N-Ethylaniline 
Phenanthrene Analogs 

2-MethyI-l, 4-Naphtho¬ 
quinone 
Nicotinamide 

a-Picolinic Acid 
Quinolinic Acid bis-di- 
ethylamide 
Coramin 

Pyridine-3-sulfonic-acid 
Diethylbarbituric Acid 
Di-n-propylbarbituric 


Both similar, thymine an¬ 
tagonists®® 

Antagonists^® 

Antagonists®* 

Similar, analgetic and an¬ 
tipyretic^’ 

Similar, local anesthetic*® 

Similar^® 

Similar** 

Similar®* 

Same®* 

Similar** 

Similar** 

Similar*® 

Similar®* 

Similar*® 

Antagonists®* 

Same action®® 

Similar, weaker®* 

Similar, anti-hemorrhagic* 

Same action on bacterial 
growth®® 

(a) 0.1% as active as (b)®® 
Both analeptic®’ 

Both analeptic®’ 

Both niacin antago¬ 
nists®®- ®8 

Markedly similar (hypno¬ 
tic)®* 

Markedly similar (hypno- 
tic)®® 



Table continued 
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TABLE III {Continued) 


Isoatere (a) 

Isostere (b) 

Physiological action 

2,4-Dioxo-5,5-diallyI thia- 

Diallylbarbituric Acid 

Markedly similar (hypno- 

zolidine 


tic)6® 

2,4-Dioxo-5-ethyl-5-phe- 

Phenobarbital 

Markedly similar (hypno- 

nylthiazolidine 


tic)®» 

Sulfathiazole 

Sulfapyridine 

Qualitatively similar bac- 


Sulfadiazine 

Sulfapyrazine 

teriostasis®® 

Thiamine 

Neopyri thiamine 

Antagonists®®' ®*' ®® 

Thiamine 

Isopyrithiamine 

Alike in vitro; unlike in 
vivo*^ 

2-AminothiazoIe-5-car- 

6 -Aminonicotinic Acid 

(a) inactive 

boxylic Acid 


(b) like sulfapyridine®* 

TABLE IV. Physiological Activity of Isostebic Compounds Differing 

BY Elements in the 

Same Column of the Periodic Table, i.e., with 

Same Number of 

Valence Electrons, but Different Electron 

Shells 

IsosUre (a) 

Isostere (b) 

Physiological action 

s 

...o 


Biotin 

Oxybiotin 

Same®’ 

Thiouracil 

Uracil 

Antagonists®® 

2-Oxo-4-thiopyramidon 

2,4-Dioxopyramidon 

Both barbituric acid an¬ 
tagonists and growth in¬ 
hibitors*® 

Thiodicumarol 

Dicumarol 

(a) has 0.1 hemorrhagic 
activity of (b)” 

2-(2-ThienyI )-4-carboxy- 

2-(2-Furyl )-4-carboxy- 

Similar, analgetic®* 

quinoline 

quinoline 


Thiobarbiturates 

Barbiturates 

Similar®’ 

2-Diethylaminomethyl- 

2-Diethylaminomethyl- 

Similar, sedative** 

1,4-benzothioxane 

1,4-benzodioxane 


P. 

. .As 


Phosphonic Acids 

Arsonic Acids 

Same antigenic activity** 

S. 

. .Se 


Sulfonic Acids 

Selenic Acids 

Same antigenic activity** 
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Friedman®^ has recently coined the term “bio-isosteric” for com¬ 
pounds which fit the broadest definition for isosteres and have the same 
type of biological activity. In several interesting tables, arranged essen¬ 
tially as those in this chapter, he has presented additional cases of isos- 
terism including some instances of reversing adjacent polar groups. Ex¬ 
amples of these comparisons are represented in Table V on page 50 . 

“ Kuhn, Weygand, and Moller, Her., 76, 1044 (1943). 

Hartmann and Wybert, Helv. Chim. Acta, 2, 60 (1919). 

Steinkopf and Wolfram, Ann., 437, 22 (1924). 

Steinkopf and Ohse, Ann., 448, 205 (1926). 

Erlenmeyer, Uebenvasser, and Weber, Helv. Chim. Acta, U, 709 (1938). 

“ Jaffe and Levy, Ber., 21, 3458 (1888). 

« duVigneaud, McKennis, Simmonds, Dittmer, and Brown, J. Biol. Ckem., 159, 385 
(1945). 

Barger, J. Ckem. Soc., 2100 (1938). 

Burger and Bryant, J. Am. Ckem. Soc., 63, 1054 (1941). 

Erlenmeyer and Wiirgler, Helv. Chim. Acta, 25, 249 (1942). 

Tracy and Elderfield, J. Org. Ckem., 6, 54 (1940). 

” Erlenmeyer and Meyenburg, Helv. Chim. Acta, 20, 204 (1937). 

” Mcllwain, Brit. J. Exptl. Path., 21, 136 (1940). 

Erlenmeyer and Meyenburg, Helv. Chim. Acta, 20, 1389 (1937). Eberly and Dains, 
J. Am. Chem. Soc., 58, 2546 (1936). 

« Woolley and White, J. Biol. Chem., 149, 285 (1943). J. Expll. Med., 78, 489 (1943). 
Schmelkes and Joiner, J. Am. Chem. Soc., 61, 2562 (1939). Baumgarten and Dor- 
now, Ber., 73, 353 (1940). 

« Johnson, Green, and Pauli, J. Biol. Chein., 153, 37 (1944). 

Dusehinsky, Dolan, Flower, and Rubin, Arch. Biochem., 6, 480 (1945). Pilgrim, 
Axelrod, Winnick, and Hofmann, Science, 102, 35 (1945). 

Roepke and Jones, quoted by Roblin, Chem. Revs., 38, 255 (1946), ref. 347. 

Woods, Biochem. J., 36, 4 (1942). 

Cuisa and Bellino, Gazz. chim. ital., 66, 452 (1936). Chem. Abstr., 31, 3487 (1936) 
Shonle and Doran, U. S. Pat. 2,293,770 (1943). 

88 Bovet and Benoit, Bull. sci. pharmacol., 45, 97 (1938). 

8 ® Friedman, “Influence of Isosteric Replacement upon Biological Activity,” Sym¬ 
posium on Chemical-Biological Correlation, Natl. Research Council, Washinc- 
ton, D. C., May 26-27, 1950. 

^8 Foster and Carman, J. Pharmacol.. Exptl. Therap., 91, 195 ( 1947 ) 

Craig, Chem. Revs., 42, 285 (1948). 

” Alios and Redeman, J. Pharmacol. Exptl. Therap., 96, 338 (1949). 

” Eagle, Hogan, Doak, and Steinman, Ibid., 74, 210 (1942). 

” ^^i 7^306’ aoSt ^26 (1945). Kovacs and Horvath, J. Org. Chem., 



50 


CHAPTER IV 


& 

o 

ci: 

O 

OiS 

<: 

o 

Ph 

H 

X 

p 

< 

o 

p 

< 

iO 

tf 

p 

o 

5?: 

p 

fa 

fa 


Vi 

P 

:5 

& 

o 

fa 

o 

O 


p 

fa 

H 

CO 

O 

CO 


fa 

O 

?: 

o 

taH 

P 

< 

o 

o 

o 

p 

o 

CO 

fa 

«» 


W 

« 

H 


d 

o 


S 

5) 

o 


OQ 

>, 

£ 


.S^ "o 

•4^ 

^ o 

^ s 

c5 <V 

C Q 

c3 ^ 

s 

2 e 


B 

0) 

Q 




a ^ 


c3 

S 

cr 

Oi 

p 

o 

c5 O 
^ 2) 
S3 

w c: 

• ^ 

s ^ 

a o 


>» S 

=3 O 

P 

c 

0) c 

CO 
p 

a 

CO 


p 

O 

ci 


C 

c3 


c 

c3 


•4-9 

P 

o 

.o 

c3 


g: 

Z 


£ a 

^ t-i 

o o 


o o 

^ p: 

•4^ 

o o 


c3 ^ 


<d 

o 

o 


GO 

c3 

Ci 

> 

o 0^ 
rt .H 

c3 CO 
3 O 

cr c 

o ct 


GO 

> 

Q> 

> 

2 ^ 

C3 

=3 S 

o- s 

32 O 

cj 

3 


4> 

u 

9) 

8 


kA 


w 


«« 


ei 




*A 


a 

o 


a 

o 


o 

o 

o 

o 


® > 
o 


o 


O- 

_o 

/ 

\ 

T 


kA 


4» 

a 

41 


a 

«o 

49 

a 




o 

o 


«9 


a 0) 

O .£ 

P "o 
X 

O « 

« o 

a 6 
9 S 




<4 


4A 


a 

o 


44 

a 

o 

o 

o 

o 

a 

o 

C4 

«o 

a 

<A 

o 


£ 

S 

ffi 

O 

»a 


49 


a 

o ^ 




kA 

a 

49 

a 




44 

o 

Q 

44 

Cm 

4* 

44 

o 

o 

Oi 

a 

a 

o 

o 

CO 

Q- 

■% 


41 

a 

o 

0^ 

4i 

c 


o 


o 

4) 

a 


o 

41 

a 


A 


a 

o 


+ 

z 


r* 


a 

o 


d 

0) 

PP 


41 


49 


a 

o 

44 

a 

o 

41 

a 

o 

o 

o 

o 

a 

o 


44 

«A 


a 

<e 

O 




49 




•_ ^ 
fa W 

o .z 

CO 

Vi o 

p cd 

fi:.a 


cd M 


a 

o 


#9 


a 

o 

a 

o 

«4 

a 

a 

a 

o 

9* 

a 

<D 

o 


44 


o 

a 

I 

CO 


4« 


a 

5^ 


49 


a 

o 

a 

Q 

a 

o 

a 

o 

C9 

40 

a 

44 

o 

£ 

CO 








CHAPTER V 


Biological Study of Drugs 


I. DRUGS AS ENZYME INHIBITORS 

As medicinal chemicals pass through the organism and there exert 

their action, they affect reactions of body chemicals in a variety of ways. 

Apait fiom causing physical alterations of the osmotic pressure, membrane 

permeability, colloidal disperson, etc., of body chemicals, most drugs react 

with compounds involved in the structure or the metabolism of tissues. 

Likewise, drugs affecting infectious parasitic invaders react with chemicals 
in their cells. 

The majority of drugs are administered in minute doses as compared 
with the weight of the treated animal or man, and yet they produce far- 
reaching physiological effects. The conclusion is inevitable that drugs 
act as catalysts, or as inhibitors of catalysts. The catalysts of metabolic 
processes are the enzymes, which constitute proteins with biocatalytic 
activity. It IS now generally accepted that drugs are enzyme inhibitors, 
ihis idea has umhed our concept of drug action, but it has also sho^vn us 
what multiplicity of detail will have to be differentiated from case to case. 
Ihe conimon denominator of all drugs can be expressed in one sentence; 
by reacting with the substrate and thereby rendering it incapable of further 
reactions, or by displacing substrates and serving as faulty, unaccustomed 
substrates, all drugs interfere with the proper functioning of enzyme sys¬ 
tems vital for the various processes of cellular life. They produce thereby 
abnormal reactions resulting from unaccustomed side-paths of the altered 
enzymatic processes. These abnormal reactions are expressed as toxicity 

unwanted in man and animals, but wanted and valuable if the cells of a 
pathogenic parasite are to be damaged. 

Since virtually all enzymatically catalyzed reactions are reversible 
drugs can straighten out faulty enzymatic processes in functional diseases 
of the organism. Here, aberrations are caused by hormonal, nutritive or 

speed up normal processes to a point 
where the equilibrium of the whole body is disturbed, or slow down vital 

reactions by producing faulty substrates within the body until the balance 

of all processes IS again upset. In the former case, drugs may take over 

enzyme nermifthe^ substrate and by preoccupying the overactive 
enzyme, permit the organism to slow dorvn to normal. If an enzymatically 
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catalyzed reaction has been retarded too much and symptoms of disease 
become apparent, a drug may either speed up the incapacitated rate of 
reaction, or it may activate catalytically the substrate or even alternate 
enzymes until a normal balance of conditions has been restored. 

The realization of the multiplicity of drug action is caused by the 
growing understanding of enzymes, coenzymes and other essential bio¬ 
catalysts. As biochemists learn to refine their chemical and physical 
methods of separation, few known enzymes—even though they may have 
been recrystallized and purified further—have stood a rigid examination 
of their homogeneity. Moreover, new enzyme factors are being isolated 
almost daily from tissues and cells, and many of them can be integrated 
into knowm series of catalyzed reactions to aid in the understanding of the 
details of these cycles. It may be well to illustrate, at this point, the 
fallacy of attempting to interpret the action of all drugs by one scheme. 

A very large proportion of all metabolic reactions—of single cells or 
of complex tissues depends on oxidations, reductions, hydrolyses and 
hydrations. The nutrients without which no cell can live are metabolized 
in these reactions to furnish new chemicals for cell nucleus, cytoplasm and 
cell wall, as well as energy for other reactions of cell constituents. Many 
important metabolic changes are catalyzed by dehydrogenases, and many 
pathological changes result from faulty dehydrogenations. A variety of 
drugs has been shown to react with dehydrogenases and thereby to improve, 
in the long run, clinical symptoms of disease. The significance of this phe¬ 
nomenon may be appreciated if one realizes that the most vital steps in the 
degradation and utilization of carbohydrates, amino acids and fatty acids 
are catalyzed by dehydrogenases. 

A drug which inhibits many dehydrogenases plays havoc with normal 
health: it will prevent hundreds of dehydrogenations of different substrates, 
and would be a thorough systemic poison. On the other hand, a drug 
which inhibits selectively only one dehydrogenase could, conceivably, 
become a valuable therapeutic agent because only a single unwanted 
metabolic step would be blocked by its effect. There exist quite a number 
of compounds which inhibit just one such catalyst, but very few of them 
have become useful in medical practice. The reason for this unexpected 
failure IS the integration of dehydrogenases in various metabolic cycles. 
In carbohydrate utilization which furnishes numerous essential metabolic 
intermediates and funnels energy into many activities of every tissue the 
intricate processes of glycolysis and the degradation of glucose by the 
metabolic machine of the tricarboxylic acid cycle^ are catalyzed by no less 
an thirty-one presumably homogeneous enzymes, not to speak of the 
several coenzymes active in some individual systems of the cycle or of the 
cytochrome systems of dehydrogenases which are concerned with activa¬ 
tion of respiratory oxygen and easily raise the total number to 40 (Fig. 1). 

D]/namtc Aspects of Biochemistry. ManmilUn 
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It is obvious that a drug which interrupts the catalytic action of one 
of these forty dehydrogenases may stop completely the reactions of the 
whole metabolic cycle if the inhibited enzyme happens to be located at a 
strategic position. There are, however, among these dehydrogenases a 
few factors which catalyze outlying processes and which have no immediate 
bearing on the essential steps of the cycles. Also, several of the dehydro¬ 
genases even within the cycles can be by-passed if necessary without seri¬ 
ously impairing the operation of the remaining steps. A drug which 
selectively affects such less vital catalysts should prove extremely valuable 
as a medicinal agent. 

II. PHARMACOLOGICAL STUDY OF DRUGS 

Deviation from the normal course of a biological process in animals 
and in man can arise from pathological changes of glands, nervous and 
muscular tissue, and other body organs. Restoration of normal conditions 
calls for surgery, mental therapy, or treatment with drugs which tend to 
alter the function of the diseased organs. Such drugs are called functional 
drugs or, because they influence the dynamics of physiological processes, 
pharmacodynamic agents. 

If the derangement of the organs has been brought about by an infec¬ 
tion, drugs to combat the causative infectious invader will be chosen. 
This is the field of chemotherapy. Some investigators now prefer to call 
all drugs chemotherapeutic agents, whether they are directed against in¬ 
fectious diseases or non-infectious disorders of body functions. This is 
purely a matter of definition and has led to some confusion in the classifica¬ 
tion of the vast field of medicinal chemistry. Arguments for and against 
this revision of nomenclature will be presented in the introduction to 
Chapter XXXI. For the purposes of this volume, the classification of 
drugs as pharmacodynamics and chemotherapeutics in the traditional 
sense will be adhered to. 

Unless the pharmacologist allows a drug to react with pure compounds 
isolated from the tissues and known to play a part in the normal physio¬ 
logical processes he is about to influence by the drug, he will find it ex¬ 
tremely difficult to interpret the overlapping varied actions of the drug he 
is studying. That holds even in the case of the inactivation of highly 
purified enzymes by drugs. In all other fields of experimental chemistry 
the conditions for a reaction are chosen as simple as possible. The organic 
chemist will rarely ever let two unrelated or slightly related reactions run 
side by side in the same reaction vessel. The physical chemist will choose 
the simplest possible conditions for his experiments and try to avoid com¬ 
plications by using relatively simple molecules, the pharmacologist is con¬ 
fronted with an extremely complex physiological system in which many re¬ 
actions interlock and occur side by side, promoting or inhibiting each other. 

An additional difficulty is the variation in even the same simple species 
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of individual cells under the influence of a drug. In contrast to a simple 
physico-chemical system no results in pharmacology are exactly repro¬ 
ducible. Therefore, only averages of several responses can be measured, 
and a series of experiments will always be required with control cells or 
organisms in order to provide a check on probable errors. 

With so many variables at hand, the pharmacologist usually makes 
a qualitative study of a group of drugs in order to determine which of them 
is most active in producing a certain condition. However, it has been 
found more profitable to fix one variable, namely the degree of that re¬ 
sponse, and to apply a number of drugs in different dosages to reproduce 
the same degree of this reaction. Only in this way a quantitative com¬ 
parison between drugs is possible, but even under the most favorable con¬ 
ditions it is difficult to obtain reproducible values. At best such data may 
have to be subjected to statistical analysis of a large number of cases before 
conclusions leading to clinical trial can be drawn. 

Few pharmacologists will wish to establish for a compound only a 
certain qualitative activity, but one can evaluate the drug by administering 
it to an animal and observing, without even measuring the dosage level, its 
effect. Thus, a certain drug may lead to stupor, vomiting, excitement, 
weakness and other symptoms. A semiquantitative estimate is possible 
if only one variable is measured; the dose range which produces one or 
several of these effects is the most common variable chosen. The final 
quantitative measure is a combination of both the dose level and the 
degree of the observed symptoms. 


After the establishment of qualitative and semiquantitative data, 
most pharmacologists proceed immediately to measure the acute toxicity 
of a drug in order to explore whether experimentation involving many 
animals and prolonged observation is justified. Should the drug be too 
toxic, further investigation will not be warranted unless the pharmacolog¬ 
ical behavior is exceptionally interesting. ^ 

^ animals used in pharmacology are albino mice and 

rats rabbits, guinea pigs, dogs, cats, hamsters and monkeys. For spe- 
cial fields various species of birds or amphibious animals have been used 
Ihe drug may be administered either by mouth (orally) or parenter- 
ally, by way of the circulation. The oral route of administration is waste¬ 
rs ^ stomach tube is used, and gives less reliable values due to 

difficulties of systemic absorption. Injection may be given under the 
skin (subcutaneously), into a vein (intravenously), into a muscle (intra¬ 
muscularly), or into the abdominal cavity (intraperitoneaUy). Other ana 
tomical sites of injection have led to still other terms, such as intrathecal 
intraspmal, intraventricular and intracisternal. ’ 

ThS instrument for the injection of a solution is a syringe attached 
to a hollow hypodermic needle. Lately, a new instrument, the hypospray 
has made its appearance for the same purpose. In contrast to the hypo- 
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dermic needle, the hypospray shoots liquid under the skin or into the 
muscle without a needle. A combination of springs forces a thin stream 
of liquid of a diameter of less than 0.01 mm. under 1-5 atm. of pressure 
from a nozzle into the tissue. The force of the injection is too great to be 
useful for intravenous administration: the liquid passes through the vein. 

This innovation could benefit especially those patients who must have 
repeated and frequent injections, such as diabetics who have to have in¬ 
sulin administrations several times per day. So far, however, it has proved 
difficult to inject accurately measured dosages with the hypospray. 

On the whole, oral administration of a drug produces fewer, and often 
only delayed toxic symptoms as compared with parenteral administration 
because the drug has to be absorbed from the intestinal tract into the 
blood, and this process causes a lag in the start of the action of the drug 
and is, moreover, often incomplete. The best quantitative data on oral 
activity can only be obtained if the compound is completely, or virtually 
completely absorbed from the intestinal system and thus reaches the 
blood quickly and in a concentration similar to that resulting from paren¬ 
teral injection. This is not easily achieved. When the drug is injected, 
the rapid circulation of the blood carries it to all parts of the body within 
a short time, and this route is therefore the standard method by which a 
new compound is tested in animals. 

1. Absorption, Distribution and Excretion 

The classical investigations on the absorption of drugs by cells were 
carried out by Meyer^ and by Overton^ fifty years ago. They showed that 
organic chemicals, which are to penetrate the membrane of the protoplasm, 
must have a certain ratio of soluljility in lipids and water. The conclusion 
drawn from these experiments was that the plasma membrane was lipid 
in character, and led to the construction of model membranes (water- 
ether, oleic acid-diamylamine, cholesterol-water, etc.) to obtain distribu¬ 
tion coefficients in vitro.* Since these studies were largely concerned with 
the transport and absorption of narcotics, a more extensive discussion of 
their details will be presented in Chapter VII. They have been strength¬ 
ened by the finding that the membranes of red blood cell “ghosts” whose 
hemoglobin has been removed consist mainly of protein (1 part) and a 
system of phospholipids and cholesterol (0.59 part).® The phospholipids 
are perhaps present as insoluble complexes with basic proteins.® Absorp¬ 
tion across a membrane may be simply a process of diffusion depending 

* Meyer, Arch. exp. Path. Pharmakol., 42, 109, 119 (1899). 

* Overton, Arch. ges. Physiol., 92, 115 (1902). 

^Nirenstein, iUd., 179, 233 (1920). 

* Parpart and Dziemian, Cold Spring Harbor Symposia Quant. Biol., 8; 17 (1940). 

* Chargaff and Ziff, J. Biol. Chem., 131, 25 (1939). 
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largely on the solubility of the compound (passive absorption), or it may 
be accompanied by a chemical reaction (active absorption). The absorp¬ 
tion of glucose through animal membranes after phosphorylation is a well- 
knowm example of active absorption. It has been suggested that drugs 
which structurally resemble natural metabolic products are transported 
through membranes by similar processes as their natural analogs. 

Adequate solubility in both lipids and aqueous cell fluids cannot 
account for the absorption of all compounds through membranes. Water- 
soluble materials without a semblance of fat-solubilizing functional groups 
have been kno^^^l to penetrate into mycobacteria which, even though they 
may not be encapsuled in a lipid membrane, undoubtedly contain a high 
amount of lipid matter. For such cases, a sieve-like membrane with pores 
has been visualized through which compounds with appropriate molecular 
volumes could pass. The nature of other bacterial membranes is prob¬ 
ably also lipid.’ 

Absorption of ionizable substances has been found to occur preferably 
in the unionized state, although the ion shows frequently higher activity 
after penetration into the plasm. This has been observed for local anes¬ 
thetics, hypnotics and chemotherapeutics. 

Absorption implies admission of a drug not only to the circulatory 
fluids but also to various tissues whether or not they are perfused adequately 
by the circulation. The less the perfusion the greater the chance for locali¬ 
zation of the drug in the tissue. Apart from these purely mechanical con¬ 
siderations of transport, the properties of the compound itself determine 
its distribution in the tissues. It has been shown that for some drugs there 
is a relation between their degree of ionization and their distribution. 
However, this does not hold for all drugs even in a related series, and purely 
structural factors enter into this picture. 

Absorption studies would be incomplete without subsequent inquiries 
into the fate of the drug by excretion. Excretion in the feces needs to be 
considered only for poorly absorbed materials which had been adminis¬ 
tered with the food and failed to pass through the intestinal wall. Renal 
excretion is of greater importance since it reduces the concentration of the 
drug in the blood, influences its distribution in the tissues and shortens the 
therapeutic activity of the compound. 

In the kidney, the majority of the drugs or their metabolic products 
pass into the urine by ultrafiltration through the glomerulus but many are 
reabsorbed into the blood completely, or in part, by the tubules before the 
urme is excreted. The rate of excretion can be altered by drugs which 
affect renal functions. Diuretics hasten excretion while drugs which block 
tubular excretion have the opposite effect (Carinamide, Chapter XXXVIII) 

’ Davson and Danielli, The Permeability of Natural Membranes. Cambridee Univ 

Press, London, 1943. 
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Enteric Coating of Drug Tablets 

The physiological advantage obtained by administering to a human 
patient a drug by the oral route, instead of parenterally, is counterbalanced 
by the problem of establishing therapeutic blood levels of the compound by 
speedy absorption. Moreover, even if we deal with a drug which passes 
unchanged by the digestive juices and is absorbed chemically unaltered, 
repeated administrations of the drug may be required in order to maintain 
effective blood concentrations. This presents a practical problem of no 
small importance in clinical medicine, since a patient may have to be 
aroused several times at night to receive the drug, and may thus lose the 
undoubted therapeutic value of natural sleep. 

Various means of evading the necessity of repeated administration of 
small doses have been proposed. Once consists of chemical alteration of 
the drug to a derivative which remains in the system, and is slowly recon¬ 
verted to the active material by the body fluids. The effect of a well¬ 
functioning male sex gland can be simulated by administering (paren¬ 
terally) testosterone propionate; the ester is hydrolyzed slowly by the 
slightly alkaline blood, and the net effect is a slow release of small amounts 
of the hormone. 

A second mode of administering (orally) several small doses in one 
tablet makes use of enteric coating. The drug is encased in a capsule 
which reacts with the digestive juices at given intervals, and thus makes 
available successive dosages for absorption. Enterically coated tablets 
have been constructed in different ways. Some capsules consist of alkali 
soluble polymers (polyacrylic acid, cellulose acid phthalate, etc.) which 
do not dissolve in the acidic gastric juice. Alternately, the drug may be 
pressed between various layers of the enclosing plastic which have been 
chosen to be stable to different conditions of moisture, acidity or alkalinity. 
Slowly excreted drugs are unsuitable for this type of administration, as are 
those which are poorly absorbed from the lower intestinal tract. Highly 
toxic drugs, or drugs needed in massive doses cannot be coated enterically 
either. 


2. Toxicity Studies 

No drug exerts desirable actions exclusively which can lead to its use 
in -therapy. The undesirable actions of a drug cover any kind of injury 
to tissues and are usually spoken of as the toxicity syndrome of the sub¬ 
stance. The ideal therapeutic agent should exhibit a minimum of tox¬ 
icity. If conditions simulating those in human disease are to be attained 
in the animal laboratory, one should really use for toxicity experiments 
animals which have previously been made sick. However, most pharma¬ 
cologists prefer to use normal animals in their toxicity studies. This 
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eliminates the complications arising from aberrations from normal physio¬ 
logical events as they are caused by disease. Irritations and allergies 
produced by drugs are less frequently encountered in healthy animals. 

In determining the acute toxicity of a drug, the pharmacologist ad¬ 
ministers the highest tolerated dose which is close to the minimum toxic 
dose, and counts the number of survivals and deaths of his animals, after 
one or repeated administrations. Another working method which pro¬ 
duces a more graded response consists of observations of change in body 
weight, degree of response to stimulation and similar conditions in several 
individual animals. A good average in these measurements can be ob¬ 
tained only from a large number of animals. The so-called median re¬ 
sponse corresponds to the effect produced in 50% of the animals tested, 
the median lethal dose to the amount of drug which kills one-half of the 
test animals; it is designated as LDm. Other designations are the median 
lethal blood concentration which kills only 50% of the animals (LBCso) 
and expresses the LDw as a percentage of the drug in the blood. This 
average value is more easily reproducible than the absolute observations of 
a given number of animals. 

The LD 50 cannot always be read directly from the experimental data, 
particularly when only limited quantities of the drug are available and 
tests in large numbers of animals are prohibitive. It can then be calculated 
from a formula devised by Karber® where Xo is the logarithm of the dose 

log LD„ = X, - / 

killing all animals, pi and p 2 are the proportions of animals killed by two 
different doses ( y and 2 ), and d is log y minus log z. 

The therapeutic ratio or index of a drug expresses the ratio of the 
minimum effective dose (MED) to the maximum tolerated or minimum 
toxic dose (MTD) usually in 50% of the animals used (MEDeo, MTDw): 

therapeutic ratio = MEDso/MTDbo 

For special conditions, alternate terms are used. In chemotherapy, it is 
spoken of as the chemotherapeutic index, or even more specifically, the 
antibacterial, the antimalarial index, etc. ^ 

Since laboratory animals obviously cannot describe their condition, it 

is important to determine toxicity in several different ways so that the 

drug can be compared with other compounds as accurately as possible. 

This holds particularly for comparisons of the concentration of the drug in 

the blood which afford proper evaluation after systemic distribution and 

which are necessary to produce the same therapeutic or toxic effects in 
different animal species. 

«Karber, Arch. exp. Path. Pharmakol., 162, 480 (1931). 



60 


CHAPTER V 


A comparison of the maximum tolerated and the minimum effective 
dose can be effected only after a study of the chronic toxicity of a com¬ 
pound. This is done by subjecting healthy laboratory animals to the 
effects of a drug over a period of several months. The results obtained 
from these studies forecast the po.ssibility of evaluating the action of the 
drug in man where it may have to be used for prolonged periods and should 
not exert any untoward effects on normal ph 3 '’siological functions not con¬ 
cerned with the treatment. 

While not as many animals are necessary in the determination of the 
chronic toxicity as in the detei’mination of acute toxicity, a careful study 
of their behavior while under the influence of the drug is necessary. These 
observations include measurements of their weight, the condition of various 
external organs, theii* general health, their protein intake, and examinations 
of their blood. Animals which die during the measurement of chronic 
toxicity are necropsied and carefully examined for pathological changes of 
their organs, and the survivors of the experiment are usually subjected to 
a similar procedure. The conclusions drawn from these observations will 
guide the clinician in his first experiments in man who, owing to the greater 
differentiation of his organs will respond to toxic doses of the drug more 
violently and eloquently than animals. 

The actual observation of toxic symptoms belongs clearly in the realm 
of pharmacology and clinical experimentation. Unfortunately, barely any 
overall information concerning the relation of structure and toxicity has 
become available to guide synthetic ideas of the chemist. In the dis¬ 
cussions of individual drugs, pertinent toxic sj'^mptoms will be mentioned 
but such purely qualitative descriptions arc subject to wide variations and 
should not constitute a prejudice in favor or against a certain drug. 

Toxic side-effects of a drug are usually accepted by pharmacologists 
with a measure of fatalism. Few theories relating toxicity and chemical 
structure have been proposed, perhaps for this reason. An approach to 
this question, basing toxicity on thermodynamic activity in a given homolo¬ 
gous series, has been presented in Chapter III. 

3. Metabolic Studies 

It is important to know the fate of the drug in the organism. Com¬ 
pounds which are not changed along their metabolic path are sometimes 
physiologically inert. If the compound, as is usually the case, is changed 
chemically in the body it is necessary to investigate its metabolic reaction 
products. They may constitute the actual drug exerting the desired phar¬ 
macological action. Moreover, the metabolic products often have a tox¬ 
icity different from that of the drug originally administered. It may be 
that instead of the “drug” given to an animal, its metabolic product should 
be chosen as the ultimate therapeutic compound. Therefore the study 
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of the excretion of a chemical and also of the mode of its excretion through 
the kidney, intestine, skin or lungs is of great importance. 

One of the first tasks in the investigation of a drug is to develop a good 
analytical procedure for tracing minute amounts of unchanged drugs or of 
some of its metabolic products in the excretion of the animal. An excellent 
discussion of this phase of pharmacological investigation as used in the 
study of sulfa drugs but applicable to any drug, may be found in an article 
by Litchfield.® 

Further pharmacological studies of a drug involve investigations of 
pathological changes brought about by planned alterations in the organs 
of the laboratory animal. Extirpation of glands or the brain, alteration 
of nerve paths and of the circulatory or gastro-intestinal system, followed 
by treatment of the animal with the drug are included in such experi¬ 
ments and will shed light both on the fate and the localities of the action 
of the drug in the animal body. Labeling of atoms in the molecule of a 
drug with isotopic or radioactive substitutions provides a modern and 
convenient method for following the fate of the compound in metabolic 
processes. 

III. CHEMOTHERAPEUTIC TESTING 

If a drug is to be screened as a potential therapeutic agent for an in¬ 
fectious disease, it may be tested first in vitro (in the culture of the test 
organism), or directly in vivo, in an infected animal. Several laboratories 
in this country have adopted the policy of testing one and the same drug 
against a dozen bacterial, protozoan and virus infections as well as against 
functional disorders, if the structure of the compound makes activity likely. 
It is obviously more difficult to carry out such a program than to test many 
drugs against only one infection or disorder since this involves fewer vari¬ 
ations of experimental procedure. 

1. In Vitro Tests 

If possible, the organisms against which activity is to be tested, are 
cultured in test tubes containing a liquid medium, or on agar cup plates, 
and a drug is added to the culture. In vitro tests may also be combined 
with in vivo methods, as in the test in which the culture is placed on the 
chorio-allantoic membrane of the chick embryo; this procedure has been 
used in experimental tubercular infections. 

The bacteriologist adapts the composition of the nutrients and the 
pH of the test medium, its temperature, and the duration of incubation to 
the species and strain of the test organism. The organisms themselves 
can be chosen to some extent according to the preference of the investi- 

* Litchfield, in Northey, ed., The Sulfonamides and Allied Compounds Reinhold 

New York, 1948, p. 434. ’ 
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gator.^® It largely depends upon his intuition whether he will test a com¬ 
pound primarily against hemolytic streptococcus, pneumococcus, meningo¬ 
coccus, gonococcus cultures, or against colon or tubercle bacilli. Thus, 
the activity of sulfonamides has been measured frequently against a special 
strain of ^-hemolytic streptococci first, but in other instances E. coli has 
been used as the test organism. 

On the whole, Gram-positive organisms (Chapter XXXI) are more 
susceptible to drugs than Gram-negative microbes. They owe this sus¬ 
ceptibility to their content of magnesium ribonucleate which can be sepa¬ 
rated from a Gram-negative “cytoskeleton” by extraction. 

Many bacterial cultures appear as turbidities in the test tubes or on 
solid agar culture plates. Slowing-down (inhibition) of the multiplication 
of the cultures by drugs is followed by bacteriostasis, terminating 
multiplication of the bacterial population. A decrease in the number of 
bacteria is spoken of as the bactericidal property of the drug. A decrease 
in normal multiplication rate (inhibition by the drug) is measured in the 
cultures by turbidimetric methods (see also Chapter XXXXII). 

2. In Vivo Tests 

It is not always easy to determine the bactericidal properties of a 
compound because these measurements involve the disappearance of sub¬ 
cultures derived from the killed bacterial population. As already pointed 
out, in vitro tests do not always reveal activity of a drug because the latter 
may have to be converted to the active drug in the living animal before 
showing activity. Therefore, many investigators prefer immediate in vivo 
tests. This method is used in any case as soon as in vitro activity has 
shown very favorable results. If the in vivo test shows unusually high 
activity, the compound may be recommended for clinical investigation 
provided its absorption, distribution, excretion and toxicity relations make 
it appear suitable for this purpose. 

Some infections cannot be established in common laboratory animals, 
and other hosts may have to be used. Plasmodiases are studied best in 
fowl, certain trypanosomiases in larger domestic animals, ascariasis in 
pigs, etc. The animals are infected with the minimum number of the 
pathogens which produce disease and are treated with the drug from the 
moment of infection on. Other methods recommend a later onset of 
therapy after the infection has well developed; if the prophylactic prop¬ 
erties of a drug are to be measured the animal is first treated with the drug, 
and infected only after a given time has elapsed. 

The route of infecting the animal is of importance since the drug has 
to be absorbed and transported to the primary site of the infection. It is 

Henry, Bad. Revs., 7, 175 (1943). 



BIOLOGICAL STUDY OP DRUGS 


63 


always necessary to establish certain blood levels, both of the infection and 
of the drug, in order to produce the characteristic symptoms of the disease, 
and to be sure of a satisfactory concentration of the drug where it is most 
needed. 

In many of the older experiments the investigators preferred in vitro 
methods because they involved less danger in handling higlily virulent 
bacterial strains. When precautions are taken by sterilizing the laboratory 
air by ultraviolet light and similar devices, no undue danger to the operators 
need to be feared. 

The virulence of the infection depends upon the frequency with which 
the test organism has been passed through an animal, as well as on muta¬ 
tion characteristics of the organism. A virulent infection is harder to 
combat with a drug than a less virulent one. The size of the infecting do.se 
is usually chosen as a multiple of the lethal dose of the infectious parasites 
and is frequently expressed as the LDso, that is, the dilution of the in¬ 
fectious suspension by which 50% of the animals are affected. 

If oral activity of a drug is to be determined, the animal is usually fed 
the chemical several days before the infection in order to obtain therapeutic 
blood levels of the drug within a reasonable time after the infection. The 
maximum tolerated dose of the drug previously determined, is adminis¬ 
tered to the animal in order to provide the optimal therapeutic conditions. 
With many virulent strains the test animals die within 48 hours after the 
infection, and treatment for three days is, therefore, usually sufficient to 
determine whether or not a drug is active. Careful control by treatment 
of non-infected animals with the di-ug, and by infecting animals without 
benefit of subsequent drug treatment is necessary in all cases in order to 
check on variations in experimental procedure. 

If survival time of the treated animals is measured it is compared with 
that of the controls or of the uninfected animals treated with a drug. ]\Iore 
accurate values are obtained by recording the response from 50% of the 
infected animals. 

In comparing in vitro and in vivo activities, we have assumed that a 
compound which is inactive in vitro is also inactive in vivo unless it is 
changed to an active drug in the body of the host. However, inactivity 
in vitro can also be caused by the presence of a large amount of drug an¬ 
tagonists. In the animal body where the drug antagoni.st is more highly 
diluted this influence would not be felt, and activity may be retained. 

Activity in vitro does not guarantee activity in vivo. Failure to ob¬ 
serve in vivo activity in drugs which have shown activity in vitro is often 
due to the toxicity of the compound which kills the animal before a thera¬ 
peutic effect takes place. It is also possible that a drug is changed in the 

animal body to an inactive compound so rapidly that its activity is lost 
before it can be observed. 



CHAPTER VI 


Restricted Response of Cells to Drugs 


The case history of medicinal chemistry abounds with examples of 
drugs which are inactive in the special biological condition in which they 
have been tested. It is indeed more often the rule than the exception to 
find a new or previously untried compound “physiologically inert.*’ The 
endless series of chemicals differing from each other by slight systematic 
variations attest to the efforts of medicinal chemists to overcome this 
difficulty by trial and error. 

A limitation should be put on the statement that so many compounds 
are biologically inert. They are usually not entirely inert, but rather do 
not produce the effect they have been tested for. Even such simple sub¬ 
stances as water or sodium chloride may initiate far-reaching secondary 
physiological alterations by hydrating, denaturing and dehydrating macro- 
molecular constituents of living cells. Most chemicals exert some physio¬ 
logical activity at proper concentrations and under suitable conditions. 
Many affect dozens of cell reactions, even though a beneficial and medic¬ 
inally important reaction may not take place. Such compounds are said 
to exert undesirable side-effects, and are discarded and buried in the phar¬ 
macological literature, with a few unhappy remarks as their tombstone. 
This book has not attempted to exhumate but a few of them, and only 
those whose lack of activity has been of didactic value in pointing out 
dead-end alleys of medicinal research. 

When a compound is inert in a given biological test, it does not react 
with those cell chemicals which should be affected. Thousands of sub¬ 
stances do not react with each other in the chemical laboratory, and this 
picture is repeated even more often in the living cell. This condition may 
be called natural resistance to drugs. 

An entirely different aspect is opened up if we find that a drug exerts 
a decided, and frequently beneficial action, and that this activity is sud¬ 
denly weakened, lost, or even reversed after repeated application. We 
find innumerable examples of this puzzling phenomenon both in the 
literature of pharmacology and of chemotherapy. These observations 
have been made over a period of many decades by many investigators 
whose medical, bateriological and chemical background led them to mul¬ 
tiple explanations of these phenomena, and to an unruly nomenclature by 
which they have tried to classify them. 
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The chemist, confused by these classifications, should remember that 
he is guilty of a similar offense. Who has not tried to look up a medium- 
complex organic compound by its lUC name, only to find that it is cata¬ 
logued under a different system, if not even under one or two trivial names? 
The difference between the chemical and pharmacological multiplicities of 
nomenclature lies in the fact that the chemist uses here different names for 
the same compound, while few exact biological scientists will admit that 
by apparently coinciding names they wish to designate the same set of 
conditions. Their difficulty lies in the complexity of in vivo processes 
which comprise too many unknowns to be clearly definable. With this in 
mind, we may examine the different phases of developed restricted response 
to drug action. 

I. TACHYPHYLAXIS 

This phenomenon is restricted, by usage, to the group of sympathomi¬ 
metic drugs and the hormones of the hypophysis. There are numerous 
cases on record in which an animal reacts to a second dose of the same drug 
in the reverse sense as it did to the first dose. For example, the first in¬ 
jection of a certain adrenergic drug produces a strong rise in blood pressure, 
while a later renewal of that dose in equal amounts may cause a drop in 
blood pressure. No satisfactory mechanism for tachyphylaxis has been 
proposed. Tachyphylaxis may become a permanent characteristic of the 
animal, and its response to the same drug at a later date may be nil or even 
the reverse of the expected reaction. 

The term tachyphylaxis was created^ to describe a particularly rapid 
onset of certain immunological phenomena. As long as any of the original 
dose of the same drug is still present in the body liquids, a second dose 
cannot cause a reaction with the “sensitized” organs. Histamine, the 
alkyl nitrites and certain colloidal solutions which lower blood pressure give 
occasionally rise to similar symptoms. Epinephrine fastness may be 
caused by an increase in plasma histamine which overcomes the effects of 
epinephrine.^* 


II. HABITUATION 

If it becomes necessary to readminister a drug at frequent and regular 
intervals in order to maintain a semblance of physiological equilibrium 
the term habituation is in order. Habituation involves a certain degree 
of physical dependence on the drug, as it is found in habitual heavy tobacco 
smokers or the millions of people who develop a headache if they are de- 

» Champy and Gley, Compl. rend. soc. hiol., 71, 159 (1911). 

Yonkman, Levinson and Segal, Am. J. Digest. Dis., 17, 149 (1950). 
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prived of their cup of coffee at breakfast. Psychological effects enter into 
this picture both in man and in animals. 

It is characteristic of habituation that no increase in dosage is re¬ 
quired to bring about the same reaction over long periods of time. Nor is 
there any occurrence of serious and dangerous withdrawal symptoms when 
the drug is withdrawn, although a certain amount of discomfort may follow 
the withdrawal of stimulants (caffeine, nicotine), sedatives (hypnotics), 
and other functional drugs such as habitual laxatives. In a sense, habitua¬ 
tion which requires no increase in dosage to produce the same effect can 
be classified only loosely as restricted response to drugs. 

III. TOLERANCE 

The situation is different with drugs whi(^h produce tolerance. It is 
a condition related to habituation but requiring increasing dosages of the 
drug to produce the same effect. Humans and animals who have become 
tolerant to a drug are truly inert to the action of considerable and often 
dangerous doses of the compound. Amounts exceeding many times the 
certain toxic level in normal individuals can be taken by persons who have 
developed tolerance. Physical dependence is pronounced, and withdrawal 
causes disturbing physical symptoms of varying degree. The most serious 
withdrawal symptoms are observed in persons who have developed tol¬ 
erance to morphine and other powerful analgetic and euphoric drugs. 
The state of such individuals is referred to as addiclion (Chapter XI). 

The causes of tolerance and addiction are not clearly understood. 
The drug undoubtedly affects originally the metabolic reactions of certain 
groups of cells, probably nerve cells, and the reactivity of the cell chemicals 
is dulled by prolonged and continued renewal of the inhibitory catalytic 
influence of the drug. Whether the concentration of reaction products 
from the interaction of drug and substrate decreases the reactivity of the 
latter, or whether other biochemical manifestations are at play has not 
yet been determined. 

The interference of the drug with metabolic reactions of functional 
cells, and the slow loss of reactivity characteristic of tolerance are reminis¬ 
cent of the phenomena observed in acquired resistance. The latter ex¬ 
pression has been used almost entirely in microbiology, while tolerance 
has remained part of the terminology of pharmacology. 

IV. ACQUIRED RESISTANCE 

The term acquired resistance, or for short, resistance to drugs has 
been restricted largely to the field of chemotherapeutic agents. The phe¬ 
nomenon is characterized by an increasing refractoriness of parasitic cells 
against drugs which may terminate in virtually complete inertness to the 
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drug, or drug fastness. Resistance can be acquired slowly or fast, de¬ 
pending on the organism and the drug involved. Because at least bac¬ 
terial cells can be cultured well in the laboratory, and because they can 
acquire resistance in vitro, the observations of this type of inertness to 
drugs have gone further than in other cases. It has been possible to follow 
metabolic changes in the cells concerned, and to evolve reasonable explana¬ 
tions of these processes. 

A cell metabolizes its nutrients by using them as substrates in its 
enzymatic reactions. If the nutrient (the substrate) is changed, the 
cellular enzymes are forced to alter their specificity. Two types of varia¬ 
tions of enzymatic activity have been studied. The first one, a rapidly 
occurring, and rapidly reversible variation in enzyme response has been 
defined as variation by enzyme adaptation.^ It cannot be caused by a 
radical change of enzyme structure, but has been explained by the presence 
of alternate enzymes in the cell which can take the place of the first, nor¬ 
mally dominant, member of the system. These alternate enzymes are 
ordinarily dormant, either because their specific substrates are lacking, or 
because they have been inhibited by drugs. As their substrate is supplied 
in the altered medium, they adapt the cell to the new condition. 

An example of this condition can be found in human physiology. 
After surgical extirpation of the stomach, the tissues which supply pepsin 
and other gastric proteases are no longer available. Nevertheless, a 
semblance of gastric digestion of foodstuffs can be carried on after a while, 
as similar, but not identical enzymes from other tissues take over the pro¬ 
teolytic duties of the lost catalysts. 

The change is comparable to new approaches a chemist would employ 
in the course of a synthesis as new starting materials become available. 
The cell too has to do some new chemical “planning,” but since no other 
change is involved, variation by adaptation proceeds without cell division. 

The other type of adaptation, variation by selection, involves en¬ 
zymes of new generations of cells produced by cell division, and is not 
induced by the sudden availability of new nutrient substrates. It endows 
the existing enzymes with permanently altered catalytic activities and is 
thus inheritable. If this change occurs in all cells of a bacterial culture, 
the organisms will present the picture of mutation. In recent years, evi¬ 
dence has grown stronger for the assumption that certain drugs can influ¬ 
ence the arrangement of chromosomes in plant and animal cells. This 
holds not only for such well-known examples as colchicine which has a 
direct effect on nuclear division. A study by Emerson and Cushing^ has 
made it plausible that in the organism Neurospora true mutation occurs as 

^'^ork andWork, The Basis of Cheinotkerapy. Interscience, New York, 1949 p 244 
3 Emerson and Cushing, Federation Proc., 5, 379 (1946). ’ » • • 
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an effect of complete adaptation to sulfonamide drugs. The mutants can 
also be produced by di-/3-chloroethylamine, one of the nitrogen mustards 
(Chapter XXVII). 

It happens that Ncurospora can be analyzed fully by genetic methods. 
The same nitrogen mustard also produces alterations of bacterial strains 
which can l)c followed by studying the altered metabolite requirements of 
these variants. Bacteria do not propagate by sexual processes and the 
term mutation can be applied to variations of their strains only with some 
reservations. Nevertheless, the similarity of the effects induced in Neuro- 
spora and in bacteria by the same chemicals lends credence to the theory 
that in both types of cells analogoiis mechanisms are at work in producing 
daughter strains of the original cells with new enzymatic reactions. 

A small percentage of colonies possessing natural resistance to a given 
drug may be expected to be present in any large bacterial population. 
The drug-fast strains so dreaded by the clinician arise by division of these 
cells after the multiplication of susceptible forms has been arrested by the 
drug, or else by the proces.ses of adaptation discussed above. 

It is interesting that drug-resistant bacterial daughter strains often 
also differ from their parent strain in their virulence, serological !)ehavior, 
and even in their morphological appearance. This is additional evidence 
of the turn toward the inherited character of pronounced resistance, or, as 
t may be put, the inheritability of enzymatic alterations. 

1. Resistance to Sulfonamide Drugs 

When bacteria or other microorganisms are expo.sed to a sublethal but 
gradually increasing concentration of a sulfa drug, they can be trained to 
withstand the bacteriostatic action of these compounds and become “fast” 
to the drugs. Many drug-resistant strains have been developed by this 
procedure both in vitro and in vivo, and resistance to drug action can be 
retained by some strains e\’en after 200 passages through animals. When 
an organism develops resistance to one of the sulfonamides it does not 
nece.ssarily become resistant to all of them but its resistance to the other 
sulfa drugs is potentially increased. Consequently, it will be less readily 
attacked by them. 

On the other hand, drugs which act on microorganisms by a different 
mechanism such as some of the antibiotics (penicillin, streptomycin, etc.) 
may still exert on the sulfa-resistant parasite the same action as on the 
non-resistant strain until the parasite becomes able to withstand the action 
of the antibiotic as well as that of the sulfonamide. 

The importance of the clinical implication of resistance to sulfa drugs 
is obvious. In one gonococcus infection it was found that by culturing 
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the bacteria from the infected individual in vitro it was possible to predict 
whether clinical response to sulfa drugs could be expected in patients who 
would contract the disease from the original carrier. In other cases it was 
possible to foresee whether certain strains which were resistant to one sulfa 
drug would be susceptible to other therapeutically useful sulfonamides. 

A possible mechanism by which a microorganism develops resistance 
to a sulfa drug may be based on the observation that bacteria exposed to 
sublethal doses of sulfonamide drugs become capable of using more effi¬ 
ciently the available p-aminobenzoic acid in their metabolism to overcome 
the effects of inhibitory medicinals. Strains have been encountered in 
which one mole of PABA originally antagonized 14 moles of sulfathiazole 
but for which, after development of drug resistance, 220 moles of sulfa¬ 
thiazole could be antagonized by the same concentration of PABA. 

The organisms may also begin to synthesize more PABA in the pres¬ 
ence of sulfa drugs in order to overcome the inhibition imposed on their 
PABA utilization, but this has been observed only with non-pathogenic 
bacteria. The possibility that bacterial cells trained to resist sulfonamide 
drugs become more permeable to PABA, and thereby draw it more effi¬ 
ciently out of the surrounding medium is supported by the fact that similar 
quantities of the metabolite have been found in both normal and resistant 
bacterial strains. Resistance in vivo follows the pattern of in vitro experi¬ 
ments. 

Some organisms have demonstrated their ability to develop enzymes 
which can destroy bacteriostatic drugs such as penicillin, and to become 
resistant to antibiotics in this manner. Penicillin is toxic to most Gram¬ 
positive organisms but does not affect most Gram-negative and animal 
cells. A definite difference between Gram-positive and Gram-negative 
microorganisms is the ability of the latter to synthesize amino acids while 
Gram-positive cells draw them largely from the surrounding medium by 
a process of assimilation. Gale and Taylor^ found that penicillin inhibits 
the uptake of glutamic acid, and they believe that the death of the cell 
is initiated by this mechanism. On the other hand, a staphylococcus 
strain trained to resist the antibiotic lost its need for glutamic acid which 
the drug-sensitive parent strain had to have if it were to live. It actually 
began to synthesize its own glutamic acid. Moreover, addition of ribo¬ 
nucleic acid increases bacterial resistance, and this is in accord with the 

content of magnesium ribonucleate in bacteria which are not attacked bv 
penicillin.® 

« Gale and Taylor, Nature, 158, 676 (1946); J. Gen. Microbiol., 1 , 314 ( 1947 ) 

« Gale and Rodwell, /. Bact., 55, 161 (1948). George and Pandalai, Lancet', 1, 955 
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2. Resistance to Streptomycin 

The resistance of pathological organisms to this antibiotic follows the 
pattern discussed under 1. Resistance to streptomycin and dihydro- 
streptomycin develops with great regularity and with considerable speed. 
It may be responsible for the relative ineffectiveness of streptomycin in 
tuberculosis and related infections. A number of other antibiotics now 
in clinical use seem to produce resistance much more slowly than strepto¬ 
mycin. 

Mycobacterial strains have become known which appear to be able to 
utilize streptomycin as a nutrient, and flare-ups of such infections immedi¬ 
ately after treatment with streptomycin have been observed.. Many clinics 
now test bacterial strains from patients for resistance before instituting 
antibiotic treatment. 

3. Resistance of Trypanosomes to Drugs 

Studies on drug resistance in trypanosomes are treated here separately 
although there is no reason to believe that mechanisms differing from those 
encountered with bacteria are at work in these protozoa. However, it has 
been barely twenty years since trypanosomes have been cultured in vitro 
for even such short periods as one day without profound morphological 
changes.® Therefore, most investigations in this field have been carried 
out with experimental trypanosomiases in animals, and the observations 
have been clouded by the complications of the host system. 

Trypanosomes are so difficult to culture outside the host cell because 
they have adapted themselves considerably to the metabolic aid of the 
latter. In the course of millions of passages through the host, trypano¬ 
somes have lost a large number of enzyme systems and have become de¬ 
pendent on the cells of their host. Pathogenic trypanosomes can barely 
oxidize glucose to CO 2 , have no oxidizable reserve materials and cannot 
respire unless oxidizable substrates are added. Under physiological con¬ 
ditions, they do not hydrolyze proteins, and their respiratory enzymes are 
not poisoned by cyanide.'^ 

The first recognition of drug resistance in trypanosomes came from 
Ehrlich’s work on chemotherapeutically active dyes. The phenomenon 
was observed readily because organisms which had acquired resistance 
could no longer be stained by the particular dyestuff. In this way, Ehrlich 
discovered resistance of Trypanosoma brucei in mice to triphenylmethane 
dyes. He noticed that strains resistant to parafuchsin were also refrac¬ 
tory to other triphenylmethane dyes, but not to azo dyestuffs or to organic 

* Yorke and Murgatroyd, Ann. Trap. Med. Parasilol., 24, 449 (1930). 

^ Moulder, Ann. Rev. Microbiol., 2, 114 (1948). 
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arsenicals. Resistance to dyes in the acridine (VI-1) series overlapped with 
resistance to structurally related oxazine (VI-2) and thiazine (VI-3) dyes. 
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Trypanosomata can readily acquire resistance to arsenical drugs. 
They concentrate (“fix”) the drug in the parasite cell by absorption from 
the surrounding medium as long as they are susceptible to the agent. 
This preferential process of absorption is apparently responsible for the 
selective toxicity of arsenicals to the parasite in the animal host. As they 
acquire resistance, the trypanosomes shed their ability of absorbing the 
drug from their environment.® 

The arsenoxides (ArAsO) are the effective agents against trypano¬ 
somiases, and other valence forms of arsenic have to be oxidized, or re¬ 
duced to this stage before the parasites can be poisoned. That the cells 
of the host have the function of carrying out these oxidations or reductions 
is evident from the inactivity of many arseno compounds and arsonic acids 
in vitro which, in the living animal, have therapeutic activity. It could 
barely be assumed that the trypanosomata would perform this suicidal 
chemical mission, unless the enzymes have become refractory to arsen¬ 
oxides. 

A similar case of self-protection exists for bacterial cells which do not 
reduce the azo dye Prontosil to sulfanilamide; here too the host has to carry 
out the reductive cleavage, and the dyestuff is active in vivo only. 

As it will be pointed out in the description of BAL (Chapter XXXII), 
the arsenoxides react with sulfhydryl groups of enzyme systems, and this 
reaction can be prevented, or at least minimized by protection of the 
parasite with dithiols which bind the arsenic atoms in stable five-membered 
rings. As resistance develops, it can hardly be expected that the number 
of -SH groups of the parasitic enzyme systems (insufficient as these are) 
should have decreased to the point where there would be no longer enough 
of these groups for reaction with trivalent arsenic atoms. If this would 

« Voegtlin, Dyer, and Miller, J. Pharmacol. Exptl. Tkerap., 23, 55 (1924). 
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be so, the cell should also have lost its capacity for many important meta¬ 
bolic processes which are generally dependent on sulfhydryl groups, but 
there is no sign of diminished metabolic activity in resistant cells. While 
the final trypanocidal effect of arsenical drugs is undoubtedly produced by 
the combination of arsenic atoms with enzymatic sulfhydryl groups, 
resistance against these drugs is not directed against their arsenic atom, 

but against their ability to penetrate the trypanosomal cell, that is, against 
their absorption. 

The properties of arsenicals which make the drugs absorbable are 
governed by the chemical structure of the compounds. Differences in 
absorption and distribution depend on differences of physical properties 
of the individual drugs. Resistance must develop, therefore, against the 
effects of functional groups of the drug which endow the compound with 
the correct distribution coefficient to penetrate parasite cells under or¬ 
dinary circumstances. One can visualize that the enzymes along the 
trypanosomal membrane change the shape of their polypeptide chains in 
such a manner that groups usually on the outside, and thereby receptive to 
the functional groups of the drug, are hidden inside the folds of the protein 
molecule. It is probable that resistance to other trypanocidal agents such 
as Suramin is developed by similar alterations of absorption character¬ 
istics. 


CHAPTER VII 


General Anesthetics 


I. INTRODUCTION 

Anesthetics ar e drugs which depress vital functions of all types of 
cells but especially those of nervous tissue. Depending partly on the site 
of application, an overall classification of anesthetics can be proposed. 
General (central) anesthetics depress the central nervous system to such an 
extent that all sensitivity to pain is lost, and the individual suffers a 
hiatus of consciousness. If applied to specific structures of the central 
nervous system, particularly the spinal fluid, certain anesthetics block 
impulses transmitted by nerve fibers emanating from the region in¬ 
volved, and may be used in “spinal anesthesia” for the insensibilization 
of organs served by that innervation. Where only peripheral nerve end¬ 
ings are involved, the local anesthetics are applied directly to a restricted 
area for the obtusion of pain. 

The general anesthetics may be subdivided into volatile or gaseous 
compounds which are administered by the respiratory route, and the 
fixed anesthetics. The volatile anesthetics enter the blood stream by way 
of the limgs and reach quickly the central nervous organs which are trans¬ 
fused by a large amount of circulation. The rest of the body is affected 
more slowly since the tissues receive the necessary anesthetic concentra¬ 
tion only after some time. It therefore forms a huge buffer system, 
withdraws the anesthetic only slowly from the brain, and retains it more 
consistently even after the brain tissue has given up its anesthetic when 
the source of external supply has been removed. 

The fixed anesthetics are non-volatile drugs which may be adminis¬ 
tered by injection, or by way of the alimentary canal. They have a 
predilection for the central nervous organs where, after being deposited by 
the circulation, they enact their depressant effect. 

The anesthetic effect produced by any of these drugs, whether central 
or local, is reversible, and the affected organs return to a normal state 

after the concentration of the drug has been decreased below the threshold 
of its effectiveness. 
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A clear-cut definition of the different types of anesthetics is difficult 
to obtain since their effects may overlap. Moreover, a ^‘depressant” 
action is part of the mechanism of many therapeutics, and the main virtues 
of the central anesthetics, insensibility to pain and loss of consciousness, are 
found to some degree in the analgetics and hypnotics, respectively. Vice 
versa, minor doses of certain anesthetics cause analgesia by a central 
mechanism, and the occurrence of post-operative sleep, caused by the slow 
disappearance of a volatile anesthetic from the tissues, transgresses the 
irregular border line of hypnotic effects. Investigation of anesthetics has 
therefore been forced to focus attention on the main goals of surgical 

anesthesia, and to regard other effects as incidental, although occasionally 
as desirable. 

The term anesthesia was coined by Oliver Wendell Holmes in a letter 
to William T. Morton, the discoverer of ether anesthesia for surgical pur¬ 
poses. It is derived from the Greek and means “without perception”. 
The beginning of its usage followed the introduction of ether by Crawford 
L. Long of Athens, Georgia, in 1842, and that of nitrous oxide, the long 
known “laughing gas”, by Wells and Morton in New England. Since 
other types of depressants such as the hypnotics also produce a condition 
resembling sleep and partial insensibility to pain the particular effect 
produced by the anesthetics is sometimes also called narcosis. 

II. THEORIES OF ANESTHESIA 

It is not surprising that the mechanism of anesthesia has not been 
explained satisfactorily if it is considered that no explanation for the 
physiological function of normal sleep has yet been discovered. Apart 
from various organic chemicals, certain ions, and different physical con¬ 
ditions can depress the central nervous system. They are fatigue, cold, 
lack of oxygen (anoxia) and the influence of potassium, magnesium and 
bromide ions. A careful study of organic anesthetics has revealed that 
the course of their action and their final physiological symptoms are not 
identical. From this it might be inferred that the mechanism of their 
action is not the same. However, a number of investigators have studied 
the influence of anesthetics on isolated groups of cells and have drawn 
conclusions which can explain anesthesia in general terms. Because of the 
relatively simple conditions of the in vitro experiments with anesthetics, 
these experiments have been used to interpret also other types of cell 
depression such as the bacteriostasis of sulfonamides. 

Since blood is the vehicle to transport anesthetics from the lung and 
other points of entry to the central nervous organs and to other parts of the 
body, many in vitro experiments have been performed in this medium. As 
many of the theories of anesthetic action are concerned with the specific 
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solubility of the anesthetic drugs in certain cellular constituents, anes¬ 
thetics have often been applied to isolated blood. The cells may then be 
centrifuged, and the anesthetic content of the cells measured by various 
methods. Because of the apparently low solubility in water and their 
high solubility in lipids, the theories concern themselves primarily with the 
solubility of anesthetics in intracellular lipids. 

Application of an anesthetic to a cell would necessarily result in certain 
physical and chemical changes in the cell such as the permeability of the 
cell membrane, the surface tension and viscosity of cell constituents, and 
other colloidal phenomena. It is possible that the anesthetics interfere 
with oxidative processes of the cell by modifying the ability of the cell to 
utilize oxygen. Physical phenomena such as a change in the electric 
properties of brain cells from the observed normal may also have a part in 
anesthesia. 


1. The Overton-Meyer Theory 


One of the most widely accepted theories for the explanation of 
anesthesia is that by Meyer^ and by Overton. It implies that the potency 
of an anesthetic drug is related to the relative solubility of the compound in 
water and in lipids. A true anesthetic is a chemically inert drug which is 
not readily destroyed, or eliminated from the organism, and is absorbed 
preferably by cells containing a large amount of lipids. In order to be 
transported to these cells, an anesthetic must also be soluble in water, but 
usually less than in the lipids of the cell. The proportion of the solubility 
in moles for a given quantity of lipids to that of an equal volume of water 
is called the distribution coefficient between oil and water. The higher the 
numerical value of this quotient, the higher should be the anesthetic 
activity of the compound. This is not always true; many substances 
having a high solubility in lipids and a low solubility in water, and there¬ 
fore a high^ distribution coefficient, are not effective anesthetics. 

The distribution coefficients may be obtained experimentally by dis¬ 
solving a weighed amount of a substance in a knowm volume of olive oil, 
shaking the solution with a certain volume of water, and determining the 
weight of the drug in the two separated liquids. The quotient has also 
been calculated from the separate solubility data of the compound in water 
and in oil, but the values obtained in this manner are not necessarily cor¬ 
rect. Since many distribution coefficients have been determined at 20*’ 
in vitro, care must be taken in applying the values to the in vivo conditions 
at 37.5° because of differences in solubilities at these temperatures 


^ Meyer, Arch, exper. Path. Pharmakol., 42, 109 (1899): 46. 338 flQOn 
Arch. ges. Physiol. 92, 115 (1902). ^ ^ 


Overton, 
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Since olive oil is a rather crude model material for the lipid con¬ 
stituents of nervous tissue, the distribution of an anesthetic between water 
and a xylene solution of cholesterol should give a better picture of in vivo 
conditions. Even though cholesterol is a major lipid component of brain 
cells, this system does not provide for the ever present simultaneous trans¬ 
fer of ions across cell membranes. Substitution of a mixture of oleic acid 
and diamylamine for cholesterol in some experiments has been used to 
circumvent this objection. 


TABLE I. Distribution Coefficients of Common Anesthetics 


Cyclopropane 
Ethylene.... 
Chloroform. . 
Vinyl ether.. 
Ethyl ether.. 
Nitrous oxide 


65 at 

35 

13.2 

18 

32 

18 

8 

18 

4.5 

18' 

2.2 

18' 


The values listed in Table I coincide with the observed clinical effec¬ 
tiveness of the repective anesthetics. For a given anesthetic, its effective 
concentration in lipids in moles per liter is constant as observed from the 
solubility in olive oil, and the simultaneous determination of the narcotic 
concentration in mice and in frogs. An argument raised against the lipid 
theory points to the composition of nervous tissues; only half of the solids 
are lipids, while up to 90% of the total nerve consists of water. Moreover, 
the brain in the intact animal is perfused by a large amount of circulatory 
fluids and thus receives a higher concentration of the anesthetic than other 
tissues with a poorer circulatory system. 

None of these experiments and theories explain the actual mechanism 
of anesthesia but only stress the affinity of lipid-containing cells for the 
drug. 

The Meyer-Overton theory is most readily applied to aliphatic com¬ 
pounds while aromatic derivatives with a high distribution coefficient have 
frequently no anesthetic value. It predicts satisfactorily the observation 
that in a homologous series the permeability of a cell increases proportional 
to the molecular weight of the substance. Hydrophilic groups may be 
expected to lower anesthetic properties, and among the alcohols, the 
penetrability actually decreases \vith an increase of the number of hy¬ 
droxyl groups. The number of polar groups is also inversely related to 
penetration. Tadpoles can survive a considerable time in a very dilute 
aqueous solution of strychnine nitrate but addition of sodium bicarbonate 
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to weakly alkaline reaction causes the animals to die.^ On the other hand, 
certain atomic groups seem to affect cell permeability in an unexpected 
manner. Thus, amides with the same number of carbon atoms as alcohols 
of related structure permeate biological membranes more slowly than the 
hydroxylated compounds. The anesthetic inertness of many water-in- 
soluble, and lipid-soluble alkaloids, ureides and other non-volatile com¬ 
pounds is also hard to fit into the picture of the Meyer-Overton theory. 
It may be that the observed relation of anesthetic activity to the ability of 
the drug to lower the surface tension of the cell has not been considered 
adequately in these cases. 


2. Colloid Theories 

Regardless in which way an anesthetic penetrates into a cell it will 
set up a number of chemical and physical changes within the cell which 
will affect many colloidal processes. Claude Bernard,^ and later Ban¬ 
croft^ pointed out that the cell colloids may aggregate during anesthesia, 
and that this process, like many other colloidal processes is reversible and 
permits recovery. There is not much evidence for this theory. However, 
examination of cells capable of fermenting carbohydrates shows typical 
Brownian movement which stops after treatment with an anesthetic drug 
such as ether or chloroform. During the contact with the anesthetic 
flocculation occurs but peptization takes place after the anesthetic has been 
washed out. Fermentation of carbohydrates is resumed, as is multipli¬ 
cation of the cells. 

3. Anesthetics as Enzyme Inhibitors 

The role of anesthetics as enzyme inhibitors has been studied by 
Quastel.® In the concentration in which they produce surgical anesthesia 
many anesthetics inhibit the aerobic oxidation of glucose, lactic and 
pyruvic acid by brain tissue while anaerobic glycolysis is not affected. Like¬ 
wise, oxidation of succinic acid is not decreased by anesthetics Table 
II lists the oxygen quotients (QO 2 ) of brain tissue, that is the cubic meters 
of oxygen per milligram wet tissue absorbed per hour, and the percentages 
by which this quotient is cut down by phenobarbital, and by ether. 

The exceptional position of succinic acid among the other metabolites 

“Jucobs, in E. V. Cowdry, ed., General Cytology. Univ. Chicago Press, Chicago, 

3 Bernard, Lemons sur les anksihetiques el sur I’asphyxie. Bailli^re, Paris 1875 

< Bancroft and Richter, J. Phys. Chem., 35, 215 (1931). 

‘ Quastel, Physiol. Rev., 19, 135 (1939). 
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affected by anesthetics implies that the drugs cause differences in the 
metabolism, that is, in enzymatic activity of brain tissue. In the common 
scheme of biological oxidation the carriers of oxygen may be arranged in 
the following sequence: oxygen; cytochrome oxidase; cytochromes a, b 
and c; the flavoproteins; the pyridine nucleotides; a cortical dehydro¬ 
genase; and finally the substrate. 

It is known that succinic acid does not need the cytochrome oxidases 
for its dehydrogenation to fumaric acid. Since the oxidation of succinic 
acid is unaffected by anesthetics it may be concluded that the drugs do not 
inhibit the cytochrome oxidases and cytochrome a, b and c. Indeed, 
cytochrome c can take up oxygen in the presence of narcotics; however, it 
cannot release it again as long as the drug is present. If methylene blue is 
substituted as a by-pass for the pyridine nucleotides, its reduction is 
inliibited by anesthetics. This points to the pyridine nucleotides as one 
group of carriers inhibited by anesthetics, but the flavoproteins are prob¬ 
ably most severely affected. In any case, the inhibition of dehydrogenases 
by anesthetics is now well established. 

III. THE BRAIN AND THE NERVES 

Why should the brain and the central nervous system be the first 
tissues to be attacked by an anesthetic? The reason for this phenomenon 
may be sought in the high susceptibility of the brain to lack of oxygen; the 
brain, and especially the cerebral cortex, consists of more cells than all the 
rest of the body together and is abundantly supplied with blood. The 
kidney is the only organ perfused by a larger volume of blood in the unit of 
time. Equilibrium of brain receptors with the concentration of the an¬ 
esthetic in the blood is thus reached rapidly. Finally, nerve cells and 
other constituents of the nervous system are more readily affected than the 
effector organ, that is, the muscle fiber or gland cells which are governed 
by the nerve. 

TABLE II 


Per cent QOj cut down by 


QOt 

Brain tissue 

Ether 

Phenobarbital 

Normal 

2.89 


5 

-|- glucose 

12.20 

52 

55 

-4- lactic acid 

13.55 

32 

35 

-1- pyruvic acid 

11.10 

29 

27 

-|- succinic acid 

9.53 

— 
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1. Nervous Structures 

A brief description of nervous structures may facilitate an under¬ 
standing of anesthesia. The unit of nerve structures, the neurons, are 
classified as afferent, or sensory, if they lead from sense organs to nerve 
centers. Efferent, or motor nerves, pass from the nerve centers to the 
effector organs which are located in muscles (neuromuscular or myoneural 
junctions) or glands (myoglandular junctions). 



Figure 1. Schematic Drawing of Nervous Transmission 


A, Receptor organ 

B, Dendron 

C, Afferent (sensory) neurons 

D, Nerve cell body 

E, Axon 


F, End brush 

G, Synapse 

H, Efferent (motor) neurons 

J, Myoneural or neuroglandular 

junction 

K, Effector organ (muscle or gland) 


Both afferent and efferent nerves consist of a basic element, the cell 
body. Two kinds of fibers emanate from the cell: the short and numerous 
dendrites, and a single axon which may vary from miscroscopic length to 
several meters. 1 he axon terminates usually in several short branches, the 
“end-brush”. Nerve impulses always pass from the dendrites through the 
cell and then through the axon. Although not actually physically con¬ 
nected, the axon end-brush of one neuron and the dendrites of another one 
are intermingled and the neurons are thereby arranged as a chain the 
nerve fiber. _ The junction of two neurons is called a synapse. 

• 1: perhaps the most important part of the nervous system, 

IS affected first by anesthetics, followed by the nerve cell in which the 
metabo ic rate IS sharply decreased. The neuromuscular junction at 
ich the impulse is transferred from nerve to muscle is anesthetized next 
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with the nerve fiber, and finally the effector organs (muscles, glands) 
following suit. 

At the synapse, acetylcholine stores energy in a metastable form and 
releases it as a seciuencc to the demand upon the neurons to transmit 
impulses (see also Chapter XXI). The energy needed in the synthesis of 
acetylcholine is obtained, in part, from the oxidation of body chemicals 
which also supplies acetate ions. The release of energy by hydrolytic 
decomposition of acetylcholine is catalyzed by potassium ions, and fur¬ 
nishes the means of transmitting an impulse from neuron to neuron. The 
energy released is considerable, and amplifies an even small initial stimu¬ 
lation for easier transmission. 

IV. MEDICINAL ASPECTS OF ANESTHETICS 

From the surgeon’s point of view a classification of anesthetics can be 
obtained when their effect on the four stages of anesthesia is considered. 
The first two stages are called the induction period. In the first stage the 
anesthetic agent acts on the higher cortical center, while in the second 
stage the depressant action of the anesthetic is manifested on the higher 
motor center which releases the automatic lower mechanisms. After 
reaching the stage of analgesia and of “altered consciousness the patient 
becomes unconscious in the second stage. In the third stage of anesthesia 
the spinal cord is affected. Sensation and spinal reflexes are abolished and 
the muscles relaxed. In the fourth stage of anesthesia, barely ever desir¬ 
able in the operating room, the anesthetic paralyzes the vital functions of 
the medulla and of the brain stem. It may involve rapid respiratory 
failure and collapse of the vital motor functions and thereby lead to death. 

Ether and chloroform go through the traditional stages of anesthesia 
very clearly. On the other hand, divinyl ether, ethylene and cyclopro¬ 
pane reach the third stage of analgesia very quickly and induction is quite 
rapid. Surgical anesthesia is obtained almost instantaneously by the 
intravenous injection of barbiturates which brings about unconsciousness 
within a few seconds. These characteristics of anesthetics determine to a 

large extent their usefulness in the clinic. 

Another characteristic desirable of an anesthetic is an uneventful re¬ 
covery from the anesthesia without untoward side effects such as nausea, 
mucous irritation and excitement. Post-anesthetic sleep may or may not 
be desirable depending upon the type of surgery performed. 

If an ideal anesthetic could be obtained the patient would hope that it 
would cause rapid and pleasant induction without irritation, without 
unpleasant odor, and with a short recovery period free of discomfort. U 
goes without saying that such an anesthetic should not be explosive m 
mixtures with air. Almost all the inhalation anesthetics cause occasiona 
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anesthesia accidents. It should have a wide margin of safety, a low 
toxicity, it should not be altered in the body, but excreted unchanged, and 
should have as few side effects as possible. It should also be sufficiently 
potent so that it can be administered with a high percentage of oxygen, and 
volatile enough to be exlialed immediatelj’^ and excreted when the an¬ 
esthetic mask is removed. In addition it should be inexpensive to manu¬ 
facture, stored Nsithout chemical change and purified easily. 

Of all known gaseous anesthetics nitrous oxide comes closest to being 
an ideal anesthetic but its relatively low activity does not place it in a 
class by itself. 

1. Volatile Anesthetics 
Methods of Administration 

The so-called open method can be used only with those volatile 
anesthetics which, at room temperature at least, are liquids, that is, ether, 
divinyl ether, and chloroform. A mask consisting of several layers of 
gauze is placed over the patient’s face and the anesthetic is dropped on the 
mask. The method is wasteful because much of the anesthetic is lost into 
the atmosphere. The concentration of the anesthetic is hard to control. 
By placing a towel over the mask, the so-called semi-open method makes a 
somewhat better use of the anesthetic. 

In the closed method, the patient rebreathes the anesthetic mixture. 
This requires a special apparatus consisting of a mask fitting tightly over 
the face of the patient, a so-called rebreathing bag which contains ab¬ 
sorbents for carbon dioxide and for moisture and has openings to introduce 
oxygen, carbon dioxide and the anesthetic. It has the chief advantage of 
allowing a close and economic control of the anesthetic. The heat of the 
exlialed air keeps the patient’s face warm. The method permits a smoother 
induction and a careful control of the anesthetic stages. The chief dis¬ 
advantage of this method is the dilution of the anesthetic mixture by 
nitrogen which has been dissolved in the patient’s blood and is slowly 
liberated into the rebreathing bag; the bag has to be vented from time to 
time to prevent undue dilution of the anesthetic mixture. 

Ether and Chloroform 

An advantage of ether and chloroform over the permanent gaseous 
anesthetics is the possibility of using them in the open method by which a 
concentration of 6 to 8% of ether in the inspired air necessary to produce 
anesthesia may be reached. The concentration in the blood during surgical 
anesthesia may go up to 150 mg. per 100 cc. of blood. 

Like nitrous oride and cyclopropane, ethyl ether stops resphation 
before it stops the circulation if the patient should ever reach the fourth 
stage of anesthesia. Consequently, artificial respiration is often successful 
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in reviving the patient. This is the chief advantage of ether over chloro¬ 
form which first stops circulation and then respiration, and thus makes 
resuscitation by artificial respiration virtually impossible. In addition, 
chloroform may cause extensive liver damage and has therefore been 
abandoned except in the tropics and in cases where its slightly lower 
volatility is of advantage. 

Disadvantages of using ethyl ether are its enormous inflammability 
and its capacity of forming peroxides which can, however, be countered by 
very careful purification and stabilization. Chloroform is easily decom¬ 
posed to phosgene by hot surfaces or flames; phosgene is toxic in concentra¬ 
tion of 1:40,000 and has led to fatalities in the operating room. 

3. Ethylene 

Based on the observation that small amounts of ethylene can bleach 
pigmented flowers Luckhardt® studied the effects of this gas on higher 
animals. Ethylene was introduced as a clinical anesthetic later but it has 
never attained the same importance as ether. A high concentration 
(85-90%) of ethylene is required to produce anesthesia and in order to 
avoid hypoxia in the brain it must be administered with a considerable 
percentage of oxygen; this makes the anesthetic mixture highly explosive. 

v/ 4. Divinyl Ether 

Since ethylene anesthesia is characterized by a very short induction 
period, much shorter than that of ether, it occurred to Leake’- ® that a 
combination of the molecule of ethylene and of ether might lead to a useful 
anesthetic. Ruigh and Major® synthesized divinyl ether from ethylene- 
chlorohydrin via jS-chloroethyl ether: 

2 CH 2 CICH 2 OH (C1CH2CH2)20 NaOC.H ^ (CH2=CH)20 

The drug was found to live up to expectations. It has several distinct ad¬ 
vantages over ethyl ether, a shorter duration of the induction period, quick 
and uneventful recovery, and the very small percentage (2%) of post¬ 
operative nausea as compared with an average of 57% for ether. The 
main disadvantage of divinyl ether is its very high volatility which does not 
permit its use in the open method, its tendency to undergo oxidation and 
polymerization which makes necessary stabilization with antioxidants such 
as 2-phenyIaminonaphthalene, and the occasional occurrence of hepatic 

injury after its use. 

* Luckhardt and Lewis, J. Am. Med. Assoc., 81, 1851 (1923). 

’ Leake and Chen, Proc. Soc. Exptl. Biol. Med., 28, 151 (1930). 

» Leake, Knoefel, and Guedel, J. Pharmacol. Exptl. Tkerap., 47, 5 (1933). 

•Ruigh and Major, J. Am. Chem. Soc., 53, 2662 (1931). 
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5. Other Volatile Anesthetics 

As might be expected not only ethylene but a large number of other 
saturated and unsaturated hydrocarbons are potentially useful as an¬ 
esthetics. Acetylene particularly has had a short-lived popularity but such 
gases as methane, ethane, propane, etc. have also been tried. The chlo¬ 
rinated derivatives of methane show a progressive incx'ease of anesthetic 
activity as their halogen content rises. The first useful anesthetic is 
attained in chloroform while methyl and methylene chloride are not enough 
depressant. Carbon tetrachloride is more powerful than chloroform but 
also much more toxic. 

In the series of chlorinated ethanes, ethyl chloride and triehloroethane 
have received particular attention. Ethyl chloride is still widely used as a 
general anesthetic for operations of short duration, and trichloroethylene 
has reached some popularity in the tropics because of its higher boiling 
point. The ease with which it reaches the stage of analgetic effect has been 
used for the relief of pain in migraine and angina pec^toris. 

6. Cyclopropane 

Cyclopropane was introduced as an anesthetic in 1930 by Henderson 
and Luckhardt.^® It is synthesized from 1,3-dibromopropane by the 
action of metals. A useful synthesis was accomplished when Haas^^ 
chlorinated propane from natural gas to 1,3-dichloropropane without 
simultaneous formation of the 1,2-isomer. This can then be cyclized to 
cyclopropane by the same procedure as 1,3-dibromopropane. The most 
potent of the anesthetic gases, cyclopropane can lead to complete an¬ 
algesia without producing unconscipusness if inhaled at very low con¬ 
centrations. In concentrations of 26% it produces surgical anesthesia, but 
this concentration can be cut into half if preanesthetic medication has 
been given, particularly atropine and scopolamine. In combination with 
Avertin (see below) cyclopropane approaches the ideal anesthetic from 
the surgeon s point of view. Its toxich y is low, its therapeutic index high, 
and it is rapidly alisorbed and ex^St^ by the lu ngs, 'its main disad¬ 
v antages are, as in the case of some of the other gaseous anesthetics, its 
explosweness and infla mm ability when mixed with oxygen. 

Krantz and his co-workers observed that cyclopropyl ethers, the 
methyl ether, Cyprome, the ethyl ether, Cypreth, and others may become 

useful as surgical anesthetics.^^ 

Henderson and Luckhardt, Anesthesia & Analgesia, 9, 1 (1930). 

" Haas, McBee, Hinds, and Gluesenkamp, Ind. Eng. Chem., 28, 1178 (1936). 

Irantz, Carr, Forman, and Evans, J. Pharmacol. Exptl. Therap., 69, 207 (1940). 
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yl» Nitrous Oxide 

In contrast to other anestlictic gases nitrous oxide is very soluble in 
water. Blood takes up 4.”) volume i)er cent. The compound does not 
combine with hemoglobin l)ut is carried in solution to the central organs 
where it exerts its main effect. When administered in a 9:1 mixture with 
oxygen it is a safe anesthetic with ve!*\' few side effects. The oldest known 
anesthetic, (“laughing gas”), it jjroduces anesthesia in a relatively short 
time and recovery is rapid and usually without after-effects. It is now 
widclj' used to induce siu-gical ancsthe.sia but is usually followed up with 
ether since mixtures of nitrous oxule and the nece.ssary amount of oxygen 
do not give a sufficient degree of muscular relaxation for major surgical 
operations. If nitrous oxide is given without dilution with oxygen it is 
not satisfactory for operations lasting more than ninety seconds since it 
produces anoxia (comj)Icte lack of oxygen) in the nervous tissues. 


V. PREANESTHETIC MEDICATION 

A num)>er of drugs may be u.scd to prepare a patient for surgical 
ancsthe.sia with inhalation anesthetics. The j)urpose of these prcanesthctic 
drugs is to relieve pain, to decrease apprehension, especially in highly 
nervous individuals and to reduce tlie stage of excitement of the induction 
period of anesthesia. Even more important is the synergism of certain 
compounds with inhalation anestlietics wliich lessens the amount of the 
latter for completion of surgical anesthesia. Several of the pharmacolo¬ 
gical properties which are desiral)le side actions of the general anesthetics 
are exhibited by .some of the prcanesthctics a?ul arc therefore useful in 
the preparation for ancsthe.sia. Morphine, and morphine derivatives with 
improved properties such as Dilaudi<l, Dicodid, etc. are often used in small 
doses before an operation. Secretions are inhibited by the use of atro¬ 
pine, and thereby the incidents of post-operative pulmonary complications, 
nausea, etc. are lessened. 


1. Scopolamine 


Many anesthetists prefer scopolamine in combination with morphine 
to other preoperative preparations. Scopolamine (VII-1) is an alkaloid 
of Scopolia species from the family of solanaceous plants.^^ It not only 
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Willstatter and Berner, Ber., 56, 1079 (1923). 
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inhibits secretions but also acts as a depressant on the central nervous 
system, reducing excitement and producing twilight sleep accompanied by 
amnesia. 

The preanesthetic use of barbiturates is restricted very largely to 
inducement of sleep and sedation in tlie preparation for surgery. 

2. Avertin 

Widely employed is tribromoethanol which is used in a solution in 
tertiary amyl alcohol (amylene h^’^drate) under the name of Avertin. The 
use of this drug was conceived from a consideration of the pharmacological 
mechanism of chloral. Chloral had long been known to be an excellent 
hypnotic; its hypnotic action is not due, as originally suspected, to a 
cleavage to chloroform in the alkaline fluids in the bodj^ but instead it 
undergoes reduction to trichloroethanol which then actually exerts the 
apparent hypnotic action of the parent aldehyde. It was only logical to 
test tribromoethanol as a de pressant . A guiding thought in its preparation 
may have 6een the influence of the halogen atoms on the molecule of 
ethyl alcohol which in itself is not classifiable as a depre.ssant under the 
lipid-water distribution theory. Introduction of the halogen atoms makes 
alcohols, aldehydes etc. more likely to exhibit centrally depressant effects. 

Avertin causes patients to fall asleep after a short induction period. 
The drug is administered rectally and thus allays the apprehensions of an 
anesthetic mask and of presurgical manipulations. Since its anesthetic 
index is not too favorable, Avertin is mostly used as a basal anesthetic, 
that is, anesthesia is completed by small amounts of some of the volatile or 
gaseous inhalation anesthetics. Post-operative distress such as nausea is 
eased after Avertin narcosis. The chief disadvantage of Avertin an¬ 
esthesia is the fact that it cannot be quickly removed from the organism 
if collap.se threatens. The safety factor of removing the anesthetic mask 
present in inhalation anesthesia is obviously not available with a fixed 
non-volatile anesthetic. 

In addition to its use in anesthesia, Avertin has been found to be of 
advantage as a preventive anticomuilsant. It is useful in cases of brain 
surgery because it lowers intracranial pressure, and in patients with pul¬ 
monary disease because it is not excreted by the lungs and synergistically 
reduces the amount of the inhalation anesthetic which might irritate the 
lungs. Should it be necessary to resuscitate a patient during Avertin 
narcosis, central stimulants such as ISIetrazol, caffeine, ephedrine, carbon 
dioxide, etc., may have to be used. 

The synthesis of Avertin by Willstatter^' consisted in a reduction of 

Willstatter and Duisberg, Ber., 56, 2283 (1923). 
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bromal with brewer’s yeast. Since the more general acceptance of the 
Ponndorf-Meerwein-Verlay method in recent years, aluminum isopro- 
poxide may be substituted advantageously for the older reducing agent. 

BrsCCHO A1(0C.H,).^ BrjCCH^OH 

Relaxation of muscles during anesthesia is one of the most important 
prerequisites to successful surgery. In recent years, Myanesin and Gly- 
ketal (Chapter XXII) have been used as muscle relaxants as adjuncts to 
surgical anesthetics. 

VI. BARBITURATES AS ANESTHETICS 

Intravenous injection of some of the prompt acting thiobarbiturates 
produces surgical anesthesia of very short duration. The most widely 
used drug of this series is sodium 5-ethyl-o-isoamyl-2-thiobarbiturate 
(VII-2, Pentothal; pentothiobarbital sodium), the sulfur analog of Nem¬ 
butal (pentobarbital sodium, VII-3). 

H O 

NaS/^N^ 

C2H6 

if^ CH(CH3)CH2CH2CIl3 

O 

(VII-2) 

VII. SPINAL ANESTHESIA 

By injecting local anesthetics into the spinal fluid all types of nervous 
impulses centered in this region may be blocked. This procedure is useful 
in surgery of the lower abdomen, the rectum and the lower extremities. 

The most widely used spinal anesthetics are Novocain and Pontocaine 
(Chapter VIII). The procedure of spinal anesthesia is not without draw¬ 
backs. Side-effects may include loss of motor tone, and a dangerous drop 
in blood pressure due to paralysis of the vasoconstrictor innervation. 
The advantages lie in the fact that the patient remains conscious and 
usually experiences relatively little post-operative distress. 




CHAPTER VIII 


Local Anesthetics 


/ Drugs which may be applied locally and there block afferent nervous 
conduction from the periphery of the nerve path are called local anesthetics. 
If the site of their application is near a peripheral nerve ending, they 
prevent nervous reactions in this specific area. On the other hand, if 
applied to a central nervous organ they block the transmission of impulses 
only from the portion of the central organ involved, or of stimuli received 
by it. Thus, definite local regions may be anesthetized without affecting 
other parts of the nervous system. This property distinguishes the local 
anesthetics from general anesthetics. 


I. THEORIES OF ACTION 

The theories of cell penetration which have proved fruitful in the 
discussion of general anesthetics hold also for the explanation of the pref¬ 
erential penetration of lipid nervous tissues by local anesthetics. As in 
the case of central anesthetics, these theories do not explain the mechanism 
of local anesthetic action. The few observations which clarify the latter 
can be summarized as follows. 

Local anesthetics must be applied, as do all other drugs, in doses large 
enough to produce their effect. Increases of the effective doses do not 
cause general anesthesia but only systemic poisoning as the toxic level 
is reached. Smaller nerve fibers which offer a relatively large surface to 
chemical penetration with respect to their total volume, are more readily 
anesthetized than larger more compact fibers. 

The effectiveness of a local anesthetic is measured not only by the 
degree of insensibility of the anesthetized area but also by the duration of 
its action. Most local anesthetics are absorbed fairly rapidly and must be 
administered therefore with a vasoconstrictor agent which will decrease the 
rate of absorption and thus keep them active at the site of application. 
Low concentra.tions of epinephrine are often used for this purpose. Incor¬ 
poration of epinephrine has the added advantage of preventing premature 

destruction of the dmg in the liver where the local anesthetics are de¬ 
toxicated. 

It will be seen in the following discussion that the majority of local 
anesthetics are basic compounds. They are handled in the form of their 
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salts, most commonly in the form of their soluble hydrochlorides or sulfates. 
The tissue fluids probably liberate from these salts the free bases, and 
administration of the free bases has been undertaken in several instances. 
In general, the free bases anesthetize tissues more effectively than the corre¬ 
sponding quantities of the salt. However, the free bases are frequently 
oily and easily oxidizable, and the stable salts of the local anesthetics 
are used generally for the sake of greater safety and ease of applicati^. 



TIME, min. 

Figure 1. Relation of the Concentration of Nupercaine to 
the Duration of Its Action as Calculated by the Chain Formula* 

The greater potency of the bases as compared with the salts suggested 
to Krahl, Keltch and Clowes^ an investigation of the activity of undis¬ 
sociated molecules of the base on isolated cells. They studied the effect of 
sixteen different local anesthetics on the fertilized eggs and larvae of the sea 
urchin {Arhacia punctata) and determined simultaneously the dissociation 
constants of the drugs. The concentration of undissociated molecules 
outside the cell which is required to produce a 50% reduction in the rate of 
cell division of the Arhacia eggs, or the movement of the larvae, is inde¬ 
pendent of the pH of the medium provided the pH inside the cell is held 
constant. This seems to indicate that the basic local anesthetics penetrate 
the living cell entirely in the form of undissociated molecules. When the 
same experiment was performed and carbon dioxide was passed into the 

1 Krahl, Keltch and Clowes, J. Pharmacol. Exptl. Therap., 68, 330 (1940). 



LOCAL ANESTHETICS 


89 


solution, the concentration of the anesthetic ion inside the cell was in- 

^ # 

creased until an equilibrium with the undissociated molecules outside the 
cell was established. The local anesthetic activity of the compounds in¬ 
creased accordingly. Thus, the local anesthetic cations and not the un¬ 
dissociated molecules cause the anesthetic effect inside the cell. If am¬ 
monium hydroxide is added instead of carbon dioxide the local anesthetic 
cation concentration inside the cell decreases until equilibrium with the 
undissociated molecules outside the cell is established. The activity of the 
compounds was found to decrease in the same ratio. 

A similar relation between the penetration of bacterial cells by not ion¬ 
ized molecules, and the bacteriostatic activity of the anions exists in the 
group of sulfa drugs (Chapter XXXIV). In this light, the preceding dis¬ 
cussion may be regarded as a variant of the Meyer-Overton theory express¬ 
ing solubilities and cell-affinities in terms of the ionization theory. 

The relation of the concentration of the local anesthetic to its duration 
has been studied in the case of Nupercaine.^ A so-called chain formula 
corresponds best to the experimentally obtained values. 

y = I - * 

In this equation x is the duration of anesthesia, y is the dosage used, and 
m, a, and k are constants. 

II. TESTS AND METHODS OF APPLICATION 

The testing of local anesthetic activity in animals is carried out most 
often by “topical” (surface, terminal) application to the surface of the 
rabbit cornea. The cornea is touched with a needle after anesthesia has 
taken place, and the concentration of the solution of the drug which pro¬ 
duces local insensibility is taken as a measure of the activity of the com¬ 
pound. This testing method also provides a clue to the most common 
side effect of otherwise useful drugs, that is, local irritation of tissue. 

Introduction of a sciatic nerve sensory block in the frog permits 
another good evaluation of small amounts of a diug. After determina¬ 
tion of the systemic toxicity, intercutaneous injection into humans may 
sometimes serve as a testing method using the wheal in the skin resulting 
from this procedure as a measure of activity. 

On the clinical level, local anesthetics are often applied by infiltration 
anesthesia. The drug is injected into the lower layers of the skin, either 
directly at the site of surgery, or in a so-called ring block in a circular area 
around the field of operation. 

* Miescher, Helv. Chim. Acta, 15, 189 (1932). 
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, Acute toxic symptoms encountered in man are counteracted best by 
hypnotics, especially by barbiturates since these drugs arrest the convul¬ 
sions resulting from an overdose of the anesthetic. They may even be 
given prophylactically, and the minimum lethal dose of the local anesthetic 
may be stepped up three to four times by this procedure. 

In block or conduction anesthesia, the transmission of impulses in the 
nerve truck supplying the area to be anesthetized is interrupted. Spinal 
anesthesia is one form of this procedure. Another clinical modification of 
this technique is epidural anesthesia in which the drug is injected into the 
epidural space and produces anesthesia of upper portions of the bodyv^ 

III. COCAINE 

The development of local anesthesia did not hit its stride until the 
discovery of the local anesthetic properties of cocaine. This coca alkaloid 
had been known to have a numbing effect since the time of early Spanish 
colonization in South America, but its activity was first established by 
Roller who tested its effect on the rabbit cornea. The alkaloid not only 
exerts a strong local anesthetic action but also has the advantage of pro¬ 
ducing vasoconstriction and thus retaining the drug at the site of applica¬ 
tion. Properties which detract from the medicinal value of cocaine are its 
high toxicity, its addiction liability and cortical stimulation. Because of 
the latter manifestation cocaine had been used as a hallucinant and euphoric 
during the middle ages. 

These properties together with the relatively high price of cocaine, the 
danger'of its administration and the legal restrictions imposed on the drug 
on account of its addiction liability have led to an intensive search for a 
non-habit forming, less toxic and possibly more potent and longer-lasting 
local anesthetic. "^In spite of the fact that this search has produced literally 
hundreds of compounds with local anesthetic activity of which many could 
be used in the clinic, cocaine has not lost its place in therapy altogether. 
It is still used widely in ophthalmology because of its mydriatic action on 
the eye. 

1. Variations of Structure 

(a) Tropane Derivatives 

The derivation of the most important group of local anesthetics, the 
dialkylaminoalkyl esters of aromatic and similar acids, presents a standard 
example of medicinal-chemical thought. Based on the structural model of 
cocaine (VIII-1) a number of experiments were carried out to determine 
which of the portions of its molecule are responsible for its local anesthetic 
action. During the study of close structural analogs as well as the di- 
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astereoisomers of cocaine it was found that either the hydrolysis of the 
carbomethoxy (VIII-2) or the benzoate group led to inactive compounds 
(ecgonine, VIII-3), but the restoration of the benzoate group in the de- 
carbomethoxylated cocaine (tropacocaine, YIII-4) produced again a local 
anesthetic. The importance of the tertiary nitrogen atom seemed to be 
less clearly definable. 


CH2—CH—CHCOOCH3 

—CHCOOH 

—CHCOOH 

H3CN CHOCOCeHs - 

CHOCOCeHs -> 

1 

CHOll 

CH2—(!)H—C)H2 

—CHa 

—CHa 

(VIII-1) / (VIII-2) 

(VIII-3) 

/ 



HaO 




» 

—CHa 

CHa 

—CHCOOH 

1 

CHOCOCeHs -> 

CHOH 

CH 

—CHa 

—CHa 

—CH 

(VIII- 4 ) 

Pseudotropine 

Ecgonidine 


(inactive) 

(inactive) 


In order to prove the significance of the tropanc ring system for the 
local anesthetic effects of.cocaine, several simple derivatives of piperidine 
containing only the six-membered ring of the condensed tropane system 
have been tested. Of special interest are <x- and iS-eucaine which contain 


peripheral alkyl groups simulating the cut-away pyrrolidine portion of 
tropane. 


(b) The Eucaines 

♦ 

a-Eucaine (VIII-5) was prepared by condensation of acetone with 
ammonia to triacetonamine (VIII-7) the N-methyl derivative of which was 
converted to the cyanohydrin (VIII- 8 ). O-Benzoylation and alcoholysis 
of the mtnle group to carbomethoxyl completed the synthesis.^ 

superseded by the less toxic / 3 -eucaine 
(VIIB 6 ) because of painful irritation at the site of injection. ^-Eucaine 
was synthesized from diacetonamine (VIII-9) and acetaldehyde with sub¬ 
sequent reduction and benzoylation of the resulting derivative of 7 -piperi- 
done (VIII- 10 ). ^ 

Both the optically active forms of the eucaines and the racemic 
mixtures exhibit about the same degree of local anesthetic activity. These 
experiments are adequate evidence for the fact that the tropane ring 

* Harries, Ann., 296, 328 (1897); 299, 346 (1897). 
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(CH3)2C0 

HCH2 

(CH3)2C- 

-CH2 

(CH 3)2 

1 
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\ 

/ 

NH3 

CO - 

^ HN 

\ 

CO - 

/ 

^ CH3N 
(CH^ 

(CH3)2C0 

HCH2 

(CH3)2C- 

-CH2 



(CH3)2 

CH3N 

\ 


(CH 3)2 

(VIII-5) 



(VIII-7) 


COOCH3 


OCOCcHs 


(CH3): 

CH3N 


(CH 3)2 

(VIII-8) 



o 




OH 


CN 


CH3 

CO 


NH 


CH 5 CHO 


CH2—C(CH 3)2 

(VIII-9) 


CPl2—CHCH3 

^ OC ^NH 

\ / 

CH2—C(CH 3)2 

(viir-10) 


1 . H 


CeHsCOOCH 


CH2—CHCH3 

/ \ 


NH 

C(CH 3)2 


2. CeH.COCl 

^CH2- 

(VIII-6) 

system is not needed for this particular activity. Strangely enough, a-co- 
caine (VIII-11) which resembles a-eucaine in the relative positions of its 
functional groups, is inactive. 


CH.—CH-CH 


NCH3 C 



CH2—CH 


COOCH3 

OCOCeHe 


—CH2 

(VIII-11) 

IV. BENZOCAINE 

While this line of thought was followed at the turn of the century, 
another lead to local anesthetics centering around ethyl p-aminobenzoate 

* Ritsert, as quoted by Bodendorf, Deut. Apoth. Ztg., 49 ,1642 (1943). 
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was taken up by Einhorn. It was based on the discovery of Ritsert^ who 
had introduced ethyl p-aminobenzoate as the p-phenylsulfonate under the 
name of subcutin into therapy. Modifications of the molecule of ethyl 
p-aminobenzoate soon led Einhorn to the compounds, Orthoform (VIII-12) 
and Orthoform New (VIII-13), the latter being prepared because of 


COOCH 3 

COOCH 



JoH 

k^^H2 

NH 2 

OH 

(VIII-12) 

(VIII-13) 


synthetic difficulties in the large scale production of Orthoform. Ortho- 
form New is obtained by a Kolbe reaction with potassium phenolate which 
directs the entering carboxyl group into the p-position. Further steps 
include esterification, nitration, and reduction. 


CflHsOK + CO2 


COOK 

/V 


OH 


COOCH3 


OH 


1. HNO; 

2. H, 


(VIII-13) 


The successful application of similar esters as local anesthetics led 
Einhorn to stipulate that activity could be expected of any ester of an 
aromatic acid containing perhaps, but not necessarily, a basic group. His 
prediction has been borne out only to a certain extent since local anesthetic 
activity has been discovered in many types of organic chemicals. 

Ethyl p-aminobenzoate (P-H 2 NC 6 H 4 CO 2 C 2 H 6 ) has been retained in 
medicine under the names of benzocaine or Anesthesin. The correspond¬ 
ing butyl ester (P-H 2 NC 6 H 4 COOC 4 H 9 ) is known as Butesine and is used 
in the form of its picrate for the relief of pain on denuded surfaces, such as 
burns where the coagulating and antiseptic properties of picric acid are 
to be combined with the local anesthetic effect of the basic ester. 

It is not surprising that the success of these simple aromatic compounds 
has led to extensive sti-uctural variations. In general, alkyl p-amino- 
benzoates show increased activity with a lengthening of the alkyl chain.*^ 
These compounds are relatively insoluble in water and exert a long-lasting 
surface effect. 


6 Adams, Rideal, Burnett, Jenkins, and Dreger, J. Am. Chem. Soc., 48, 1758 (1926). 
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V. PROCAINE 


1. Derivation and Synthesis 


The combined knowledge obtained from the degradation of cocaine, 
and the activity of the alkyl p-aminobenzoates, enabled Einhorn to pro¬ 
ceed to the effective series of local anesthetic dialkylaminoalkyl esters of 
aromatic acids. If the idea of a certain group producing a certain action 
in a molecule is adhered to then the anesthesiophore group in the cocaine 
molecule (VIII-14) may be regarded as consisting of an aromatic acid 
esterified with a tertiary amino alcohol. By combination of this group 


HoC 




CH 


HoC 


\ 


CHCO 2 CH 




NCHaCHOCOCeHs 

CH2 


i\ 

i CH 


1 .*.—... 


(VIII-14) 


R 2 N—(CI-I 2 ) —OCOAr 


with that present in the alkyl p-amino-benzoates a series of compounds 
was prepared of which procaine (VIII-17) had the most favorable therapeu¬ 
tic ratio. Its monohydrochloride was called Novocain.® Its low toxicity 
together with its great effectiveness in injection anesthesia has made this 
compound the most widely accepted local anesthetic, and although many 
other similar compounds with better and more widely useful properties 
have been prepared the medical profession has preferred this compound 
for almost fifty years. - 

Drawbacks of procaine are, for instance, its low penetrating power 
which lessens its usefulness in the application to mucous membranes. The 
absence of any vasoconstrictor effect necessitates its use together with a 
vasoconstrictor agent such as epinephrine. On the positive side are the 
low cost of its manufacture, the ease of its synthesis and stability of its 
solutions. 

Procaine is manufactured from p-nitrobenzoic acid (VIII-16) which is 
obtained by oxidation of p-nitrotoluene (VIII-15). The routes leading to 
procaine (VIII-17) are outlined in Figure 2. 

•Einhorn and Uhlfelder, Ann., 371, 131 (1909). 
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P-O 2 NC 6 H 4 CH 3 

(VIII-15) 


P-O2NC6H4COCI 


HO{CHj)2C1 


P-O2NC6H4COOH 

(VIII- 16 ) 


\ 


P-02NC6H4C02CH2CH2CI P-H2NC6H4COOH P-02NC6H4COOC2H6 

1 

P-H2NC6H4COC1 P-H2NC6H4COOC2H6 


HN(C2 Hs)2 


P-02NC6H4C02(CH2)2N(C2H6)2 


H0(CH2)2N(C2H5)2 


IL 


_^C00CH2CH2N(C2H5)2 

(VIII- 17 ) 

Figure 2. Syntheses of Procaine 


H0(CH2)2N(C2H6)2 


2. Structural Variations 

Hope to improve the shortcomings of procaine and thereby to enrich 
the field of local anesthetics, has led to scores of structural variations. It is 
difficult to evaluate in all respects the improvement some of these drugs 
are said to offer because of the differences in pharmacological testing 
methods employed by various groups of workers. However, the funda¬ 
mental structure of an aromatic acid with or without a nuclear substituent, 
and with the acid group esterified with a basic amino alcohol of simple or 
complex structure has remained the leading thought in the synthesis of 
many new local anesthetics. 

A glance at the structure of such drugs (Table I) shows that synthetic 
difficulties could be expected mostly in the amino alcohol chain and not so 
much in the aromatic acid group. Benzoic acid, and variously substituted 
benzoic acids, particularly aminohydroxy and aminoalkoxy benzoic acids, 
have been used and are readily synthesized. Substitution of the carboxyl 
group by COSH has also received attention and anesthetic activity has 
been found in almost all dialkylaminoalkyl esters of these acids. 
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CHAPTER VIII 


(a) Changes in the Ring 

Substitution of the benzene ring by every possible atom or group has 
permitted the elaboration of certain generalizations. Just as the basic 
esters of p-aminobenzoic acid are, at least often, more potent than the 
analogous esters of benzoic acid, an increase of the size of the alkyl group 
in p-alkoxybenzoates (VIII-18) leads to a general rise in activity as com- 


pared with 

the corresponding 

p-hydroxybenzoates.^”*^ Thioether*® 


^C02(CH2)„NEt2 

RO/ ^C02(CH2)nNEt2 


(VIII-18) 

(VIII-19) 

RS^ 

^C02(CH2)nNR2 

ArO/ ^C02(CH2)„NR2 


(VIII-20) 

(VIII-21) 


(VIII-20) and aryl ether groups'^ (VIII-21) may replace the nuclear alkoxyls 
without definite trends in effect. 

Variations of the nuclear ether groups have led to further amino- 
alkylbenzoates.^® An interesting comparison has been drawn between 
dialkylaminoalkyl p-alkoxybenzoates (VIII-19) and the isomeric alkyl 
p-dialkylaminoalkoxybenzoates (VIII-22). The isomers with the basic 
group in the ester chain are more effective than those having basic nuclear 
ether functions.*® 

ROOC^^ ^OCHaCHaNEta 

(VIII-22) 

Cyclic nuclear ether groups are encountered in Piperocaine (VIII-23) 
and the homologous Piperothesine^® (VIII-24). 

’ Fourneau and Matti, J. Pharm. chim., 18, 247 (1933). 

* Rohmann and Scheurle, Arch. Pharm., 274, 110 (1936). 

“McIntyre and Sievers, J. Pharmacol. Expll. Therap., 61, 107 (1937); 63, 34, 369 
(1938). 

*0 Christiansen and Harris, U. S. Pat. 2,243,694 (1941). Christiansen and Chase, U. S. 
Pat. 2,444,395 (1948). 

Vliet and Moore, U.S. Pat. 2,288,334 (1942). 

** Rohmann, U. S. Pat. 2,081,712 (1937). 

“ Rovenstine and Cullen, Anesthesia & Analgesia, 18, 86 (1939). 

“ Rohmann and Wilm, Arch. Pharm., 280, 76 (1942). 

Donleavy and English, J. Am. Chem. Soc., 62, 220 (1940). 

1® Hulpieu, Kitchel and Weatherby, J. Pharmacol. Exptl. Therap., 68, 395 (1940). 

1^ Suter and Oberg, J. Am. Chem. Soc., 53, 1566 (1931). 

1* Blicke and Lilienfeld, ibid., 65, 2281 (1943). 

1“ Rohmann and Koch, Arch. Pharm., 276, 154, 189 (1938). 

2® Kuwahata, Ochiai and Nukita, Folia Pharmacol. Japan., 7, 11, 409 (1928); Chem. 
Ahstr., 23 , 2499 , 5236 (1929). 
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H 2 C 





C02(CH2)2N(C2H6)2 


H2C 





C02(CH2)3N(C2H6)2 


(VIII-23) 


(VIII-24) 


Anesthetic properties are also exhibited by similar esters derived 
from carboxylic acids in which the acid group is not attached directly to 
the nucleus. The stems of such compounds may be phenylacetic acid 
(C 6 H 6 CH 2 COOH), cK-phenylpropionic acid (C6H5CH(CH3)COOH), cin¬ 
namic acid (C6H6CH=CHC00H), 3,4-methylenedioxycinnamic acid, etc. 

Basic esters of naphthoic^'*^^, anthracenecarboxylic^® and biphenyl- 
carboxylic acids^® possess local anesthetic properties, and the effect of 
substitution of these carbocyclic ring systems by amino, alkoxyl and other 
groups follows largely the pattern laid down in the benzene series. 

An almost innumerable variety of basic esters of heterocyclic car¬ 
boxylic acids has been prepared and tested for local anesthetic activity 
They range from esters of furan, thiophene, pyrrole, pyridine, thiazole, 
quinoline, carbazole, dibenzofuran and dibenzothiophene carboxylic acids 
with simple dialkylaminoalkyl groups to such complex compounds as the 
2-thenoyl isostere of cocaine (VIII-25). 


CH2—CH—CHCO2CH3 
CH3N CHOCO(f^\ 


CH2—CH—CH2 

(VIII-25) 


The activity in a given heterocyclic system depends considerably on 
the nuclear position of the carboxyl group. Introduction of a second ring 
substituent such as amino or alkoxyl sometimes increases local anesthetic 
activity, for instance, in the series of dialkylaminoalkyl picolinates (VIII- 
26), nicotinates (VIII-27) and isonicotinates (VIII-28) which show sur¬ 
prisingly little activity. The thiazole analog of procaine is also inactive.^® 

Fisk and Underhill, /. Pharmacol. Exptl. Tkerap., 49, 329 (1933). 

^^-Blicke and Parke, J. Am. Chem. Soc., 61, 1200 (1939). 

“ Haury, Gruber and Drake, J. Pharmacol. Exptl. Therap., 70, 315 (1940) 

Rowe, J. Am. Pharm. Assoc., 29, 241 (1940). 

“ Lehmann and Knoefel, J. Pharmacol. Exptl. Therap., 74, 274 (1942). 

” ?1934)''"^^"' Braker, U. S. Pats. 1,976,921-4 (1934); 1,976,940 

For references see Moore, J . Am. Pharm. Assoc., 33, 193 ( 1944 ) 

Dann, Ber., 76, 419 (1943). 
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(VIII-26); 2-C02(CH2)»NR2 

(VIII-27): 3-C02(CH2)nNR2 

(VIII-28): 4-C02(CH2)nNR2 

A definite arrangement of the effect of simple heterocyclic rings on local 
anesthetic activity can barely be given. The order of activity increases 
generally from furan through thiophene and pyrrole to benzene-® but 
2 -furoates have been found more active than the corresponding benzoates 

in some instances.^® 



(b) Changes in the Side Chain 

No systematic regularity governs the effect of the length of the alkylene 
chain separating the ester from the tertiary amino group. It seems that 
as in other series lengthening of the chain above two carbon atoms increases 
local anesthetic as well as general pharmacological activity, especially 
the toxicity of the compounds. Since most investigators have not gone 
beyond 2-, 3-, and 4-carbon systems, it is not possible to say whether a 
peak of activity might be reached at a higher number of carbon atoms. 
Branching of the alkylene chain has been attempted successfully in a 
number of cases. The compounds Tutocaine and Larocaine are witness of 
these experiments. Alypin has two amino groups on a symmetrically 
branched alkylene chain. No unusual properties can be attributed to this 


more strongly basic di-ug. 

If the alkylene chain becomes part of a saturated ring system, geomet¬ 
rical isomerism of the resulting basic esters becomes possible. The as- 
form of 4 -dimethylaminocyclohexyl p-aminobenzoate (V111-29), prepared 
from p-dimethylaminophenol by nuclear hydrogenation and esterification 
with p-aminobenzoic acid, is less active than the frans-isomer in tests on 
goldfish.31 Incidentally, the 3-dimethylamino isomer is even more active 

CH2CII2 



(CH 3 ) 2 NCH choh 

CH2CH2 


CH2CH2 

4-NH.CJI,C02H ^ (CH3)2NCH ^CH0C0^^^NH2 

^CH2CH2 

(VIII-29) 

Gilman and Pickens, J. Am. Chem. Soc., 47, 245 (1925). 

» Cook and Kreke, J. Am. Chem. -Soc., 62. 1951 (1940). 

« Heckel and Adams, J. Am. Chem. Soe., 49, 1303 (1927). 




LOCAL ANESTHETICS 


101 


than the trans-4-derivative, showing more than twice the local anesthetic 
effect of cocaine. 

A Mannich reaction with secondary amines and cyclohexanone fur¬ 
nishes a-dialkylaminomethylcyclohexanones (VIII-30) which may be re¬ 
duced to the corresponding secondary alcohols (VIII-31) which exist in 


(CH2)6C0 


HCHO 

(CHsHNiT 


CH 2 CH 2 

/ \ 

H 2 C CHCH2N(CH3)2 

\ / 

CH 2 CO 

(VIII-30) 


• » 


CH 2 CH 2 

X \ 

H 2 C CHCH2N(CH3)2 

\ / 

CH 2 CHOH 

(VIII-31) • 


diastereoisomeric forms. Benzoylation of the dimethylamino-, diethyl- 
amino- or piperidine- derivatives yields diastereoisomeric compounds of 
which only one is very active.*^ Of the two racemic forms of the lower 
ring-homolog, 2-dimethylaminomethyl cyclopentanol benzoate .(VIII-32) 
only one form has pronounced local anesthetic activity while the other 
racemic form is inactive. 


CHOCOCeHe 

/ \ 

H 2 C CHCH2N(CH3)2 

Hsi- 

• (VIII-32) 

There seems to be no well-defined relation between the structure of the 
amino group, and the local anesthetic activity of the drug. In the majority 
of the cases, tertiary amino groups with two equal alkyl groups have been 
used. Occasionally, mixed amines have been tested.^s Cyclic tertiary 
amino groups appear in Methycaine, Surfacaine and similar compounds. 
Secondary amino groups are represented in monocaine, amylcaine and 
hexylcaine. Primary amino derivatives seem to be unstable as the free 
bases, the aroyl group shifting from the ester oxygen (VIII-33) to the 
primary nitrogen atom, giving a hydroxy-amide^* (VIII-34). 

” Mannich and Hdnig, Arch. Pharm., 265, 598 (1927). 

** Brill, J . Am. Chem. Soc., 54, 2484 (1932). 

** Hartung, Munch, and Kester, J. Am. Chem. Soc., 54, 1526 (1932). 
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CeHeCOaCH—CH(CH3)NH2 C6H6CHOHCH(CH3)NHCOC6H4 

C 6^5 

(Vni-33) (VIII-34) 

(c) Steric Effects 

It is interesting to notice that the optically active forms of ester 
type local anesthetics whose amino alcohol portion contains asymmetric 
carbon atoms rarely differ in their activity. The degree of toxicity, and 
hence the therapeutic index of optical isomers, is usually different, but 
not their medicinally valuable action. The two racemic forms of /3-eucaine 
(VIII-35) for example, have a somewhat differing local anesthetic activity 
but this does not hold for the respective (+)- and ( —)- forms. 

CH 2 —C(CH3)2 

\ 

C 6 H 6 CO 2 CH NH 

\ */ 

CHa—CHCCHa) 

(VIII-35) 

C6H6Ch=chco26h5h(ch3)nhch3 

I 

CbHb 

(VIII-36) 

A similar condition prevails for the optical isomers of the powerful, 
although irritating, anesthetic cinnamylephedrine (VIII'36).^® 

VI. NUPERCAINE 


1. Chemistry and Application 

The replacement of functional oxygen atoms by imino group can lead 
to isosteric compounds of similar properties.®^ Thus, azo dyestuffs derived 
from diphenyl ether (VIII-37) and diphenylamine (VIII'38) show similar 

CeHsOCeH^N^NArNHa C6H6NHC6H4N=NArNH2 

(VIII-37) (VIII-38) 

absorption spectra. A similar comparison may be drawn between esters 
and amides, RCOOR' and RCONHR'. These types are related by their 
reversible mode of formation by alcoholysis and ammonolysis, respectively, 


a® King, J. Chem. Soc., 125. 41 (1924). 

Schultz and Barbour, J. Pharmacol. Expll. Therap., 76, (1942). 

Grimm, Gunther, and Tittus, Z. physik. Chem., 14, 169 (1931). 
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their ability to undergo hydrolysis, and other chemical similarities. Frank- 
land even regarded amides as ammono esters. It could be expected that 
amides containing groups comparable to the local anesthetic esters would 
exert a similar action. The series of dialkylaminoalkyl amides of 2-alkoxy- 
cinchoninic acids culminating in Nupercaine (dibucaine hydrochloride, 
VIII-39) has borne out this prediction. 



C0NH(CH2)2N(C2H6)2 


(VHI-39) 


As it has been the case so often in the history of medicinal chemistry, 
Miescher- arrived at the synthesis of Nupercaine (called percain in Europe) 
by a route not at all concerned with the logical deductions outlined above. 
Searching for antipyretics in the acetanilide series (VIII-40), the analogous 
cyclic compound, oxindole (VIII-41), and its ring homolog, dihydrocar- 
bostyril (VIII-42) were tested. Since the latter exhibited narcotic proper- 


NH 

\ 


CO 


NH 

\ 


CO 


NH 


CH 


CH 


CH 2 


CO 

CH. 


(VIII-40) (VIII-41) (VIII.42) 


ties, derivatives of carbostyril carboxylic acids in which the acidic function 
is weakened by amidation were studied (VIII-43). It was thought that 

OH 

CONHR CONH(CH2)„NR2 

(VIII-43) (VIII-44) 

such amides would revert formally to the acetanilide type and therefore 
lead again to antipyretics. In the course of this work, screening tests for 
other activities were carried out to complete the pharmacological study of 
this series, and it was discovered that etherification of the 2-hydroxyl 
group, and substitution of the amide group by basic radicals no longer 
produced antipyretics but long-lasting, although rather toxic local anesthet¬ 
ics (VHI-44). Nupercaine (VIII-39) produces local (including topical) 
anesthesia for two hours in a dilution of 1:120,000 as compared with 
1:1000 for cocaine, or 1:2000 for procaine. Notwithstanding its relatively 
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high toxicity, these properties have assured Nupercaine a place in clinical 
usage. 

For the synthesis of Nupercaine, isatin (VIII-45) is converted to 
carbostyril-4-carboxylic acid (VIII-46) by ring enlargement of its A^-acetyl 
derivative. Phosphorus pentachloride furnishes 2-chlorocinchoninyl chlo¬ 
ride (VIII-47) which reacts with unsymmetrical diethyl-ethylenediamine 
to give the basic amide (VIII-48). Etherification with sodium n-butoxide 
leads to the base of the drug. 


NH 

/V \ 


NCOCH3 


CO ^ 


AC 20 


CO 

(VIII-45) 


\ 

kA, / 

CO 


CO 


NaOH 


NH 

\ 


COCH3 




COCO2H J 


PCI 


SAy 

CO 2 H 

(VIII-46) 

/VAci 


yv^^ci 


coci 

(VIII-47) 


HaNCCHahNCCaHs)^ ^ 


NaOC4H9 


(VIII-39) 


CONH(CH2)2N(C2H6)2 

(VIII-48) 


Figure 3. Synthesis of Nupercaine* 

In an attempt to correlate certain physical properties of Nupercaine 
with its local anesthetic activity, the surface tension of its solutions at 
different dilutions was compared with pharmacological effectiveness. 
Based on the theory of Traube^^ that a compound will accumulate at cell 
surfaces, and thereby facilitate its absorption by the cell the more it 
depresses the surface tension of water, the number of drops of constant 
volumes of Nupercaine solutions falling from a stalagmometer were meas¬ 
ured. This number is inversely proportional to the surface tension. 
These experiments demonstrated the enhanced activity of the free base over 
the hydrochloride, and showed that among Nupercaine homologs a maxi¬ 
mum is attained for the 2-butoxy group. However, maxima of surface- 

M Traube, Biochem. Z., 98, 177 (1919); Arch. ges. Physiol. iPjiugera), 218, 749 (1928). 
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tension depressing properties at a higher number of carbon atoms in the 
alkoxy group could be predicted by extrapolation; the observed lower an¬ 
esthetic activity of such compounds may, perhaps, be explained on the basis 
of their decreased solubility; this cancels the effect of the greater surface 
properties on the rate of absorption by the cell. 


2. Similar Amides and Esters 


In dialkylaminoalkyl esters of alkoxycinchoninic acids (VIII-49) cor¬ 
responding to Nupercaine maximum activity is noted again in 2-butoxy 
derivatives, but the position of the alkoxyl group is of little consequence.^® 





OR' 


C02(CH2)„NR2 

(VIII-49) 


C6H6C0NH(CH2).NR2 H 2 N 




CONHR 


(VIII-50) 


(VIII-51) 


The discovery of the local anesthetic activity of Nupercaine and its 
analogs led to a thorough investigation of other amides, as well as urethans 
and amidines. Attention was directed first upon benzamides in which the 
amide group was substituted by dialkylaminoalkyl radicals (VIII-50),^® 
but stronger surface anesthetics are created if the basic function of such 
side-chains is transferred to the nucleus (VIII-51), provided the alkyl 
group contains four to eight carbon atoms.*^ Other amides derived from 
naphthoic^^ and cinnamic acids^^ have also proved useful. The aromatic 
nuclei present in these compounds may not even be necessary to bring 
about anesthetic properties since monomethyl amides of seven- to nine- 
carbon aliphatic acids are also active.^^ N-Dialkylaminoalkyl phthali- 
mides (VIII-52) have also been recommended.^® 


CO 







(CH2)2NR2 


CO 

(VIII-52) 


CflHBNHCONHCH(CH3)CH2N(C4H02 

(VIII-53) 


»* Wojahn, Arch. Pharm., 269 , 422 (1931). 

« Eisleb, U. S. Pat. 2,073,100 (1937). 

Wenker, J. Am. Chem. Soc., 60, 1081 (1938). 

« Blicke, Parke, and Jenner, J. Am. Chem. Soc., 62, 3316 (1940). 
« Lott, U. S. Pat. 2,139,687 (1938). 

“ d’Alelio and Reid, J. Am. Chem. Soc., 59, 109 (1937). 

« Moore, U. S. Pat. 2,343,198 (1944). 
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3. Ureas, Amidines, Guanidines 

From substituted amides, the next step led to basically substituted 
ureas one of which (VIII-53) was anesthetic when placed on the tongue.^^ 
Likewise, substituted amidines have been tested; the best-known drug of 

C2H60<^^^NHC0 + H2N< ^^ ^ OCzHs 

(VIII-55) (Viri-56) 


C 2 H 6 O 4 ^NHC=N<^^_^0C2H6 

CH 3 

(VIII-54) 

this group is Phenacaine (holocaine, VIII-54). Because of its relatively 
high systemic toxicity it is used preferentially as a surface rather than as an 
infiltration anesthetic. It is synthesized by condensation of acetophene- 

tidine (VIII-55) with p-phenetidine (VIII-56). 

The discovery of the local anesthetic activity of Phenacaine was 
incidental to tests for its antineuralgic properties which grew out of the 
study of phenetidines in an approach similar to that outlined for Nuper- 

caine. 

At least one guanidine derivative, the drug acoin (VIII-57), has been 
introduced into clinical use as an infiltration anesthetic.'*® Several other 

c.h.o^^^^n=c[nh<(7^QCH3]^ 

(VIII-57) (VIII-58) 

aromatically or heterocyclically substituted guanidines possess local anes¬ 
thetic properties. The drug protocaine (VIII-58, di-( 2 -pyndyl)methyl 
guanidine) may serve as an example for this group. It is interesting to 
notice that certain other substituted a-aminopyridines which are used ^ 
antihistaminic agents (Neoantergan, Pyribenzamine; see Chapter XX ) 
also exert definite topical local anesthetic activity. 

4. Urethans 

Since urethans are general cell depressants (Chapters XI and XXVIU 
the exhibition of local anesthetic properties by certain compounds m this 
group is not surprising. Their structure which combines amide and ester 

Hess and Trolldiener, Therap. Monatshte., 1899, 36. 
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functions at the same carbon atom relates them chemically to the sub¬ 
stances described in this Chapter. 

Diurethans of the formula ROCONHCH 2 CH 2 NHCOOR in which R 
are simple alkyl groups anesthetize the rabbit cornea.^^ The usefulness of 
urethan anesthetics is greatly enhanced, however, by incorporation of 
aminoalkyl radicals in the ester portion of the carbamates. The drug 
Diothane (VIII-59), the di-N-phenylcarbamate of 1-piperidinopropane- 

2.3- diol produces long-lasting anesthesia and has been used in such surgical 
procedures as amputations. It may be synthesized from 1-piperidino- 

2.3- propanediol (VIII-60) and phenylisocyanate.^® 

HOCH2CHOHCH2NC6H10 

(VIII-60) CsH,nCO ^ CeHsNHCOsCHaCHCHsNCeHio 

OCONHCeHe 

(VIII-59) 

VII. ALKYLISOQUINOLINE AMINOALKYL ETHERS 

In the course of studying a series of aminoalkylphthalides (VIII-61) 
(Chapter XI), a rearrangement of these compounds to 1-hydroxy-3-alkyl- 
isoquinoline derivatives (VIII-62) was observed.^^ From these inter¬ 
mediates, the corresponding l-dialkylaminoalkyl-3-alkylisoquinolines 
(VIII-63) were prepared by the accompanying scheme. 



OH C 



(VIII-62) 


OCHsCHsNR's 

N 

(VIII-63) 


« Ma and Shriner, J. Am. Chem. Soc., 58, 1630 (1934). 

« Rider, J. Am. Chem. Soc., 52, 2115 (1930). Raasch and Erode, J. Am Chem Soc 
64, 1112 (1942). 

Ullyot, Stehle, Zirkle, Shriner, and Wolf, J. Org. Chem., 10, 429 (1945). 
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Of these compounds, the 3-n-butyl derivative (R — C 4 H 9 ; R' = 
C2H5) produces long-lasting topical local anesthesia. A structural com¬ 
parison with Nupercaine is inevitable because the latter with its butoxy 
group also represents the optimal dmg in its own series. The butyl com¬ 
pound of the general formula (VIII-63) is about three times more effective 
and 1.5 times less toxic than dibucaine.^® Length of action in this series 
parallels increasing solubility in oils as shown in Table II. 


TABLE II. Relation of Duration of Local Anesthetic Activity of Dialkyl- 

AMINOAKLYL IsOQUINOLlNE EtHERS TO DISTRIBUTION BETWEEN WATER AND OlL 

0CH2CH2N(CH3)2 



R = 

^ Con. in water 

Con. in oil 

Duration of 
action^ znin. 

H 


10 

CHa 

22.3 

76 

CaHs 

3.6 

121 

CaHr 

3.0 

180 

C4Ha 

0.97 

614 


VIII. AMINES, AMINO ALCOHOLS AND AMINO KETONES 

The occurrence of local anesthetic properties in the most varied 
structures is manifested in such simple amines as 2,2'-diamino-l,l- 
binaphthyl (VIII-64), 2,2'-diaminobiphenyl (VIII-65) and 9 -aminofluorene 
fVIII-66). Compound (VIII-65) is said to be about thirty times as 
active as cocaine, compound (VIII-66) one fourth as active." 


NH 


NH 




1 


J 2 


(VIII-64) 


NH. NH 



CH 


(VIII-65) 


^ 

(VIII-66) 


Wilson, Dawson, Brooks, and Ullyot, J. Am. Chem. Soc., 71, 937 (1949). Fellows 
and Macko, Federation Proc., 8, 291 (1949). 
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Powerful local anesthetics have been observed among substituted 
amino derivatives of heterocyclic systems. a-Aminopyridines,“ dialkyl- 
aminoalkylquinolines®^ (VIlI-67, 68, 69), and aminomethylquinolines (VIII- 
70) have shown marked activity. The position of the basic side chain may 
be of significant influence since the isomeric 2-butoxy-3-aminomethyl 
quinoline (VIII-71) is inactive. 





(CH2).NR2 






(CH2).NR(CH2)„ 
(VI11-68) 






CH2n?N(CH2).NR2 

(VIII-69) 

C^HsO/X—S. 

CVIII-72) 


C4H90^^^j^ 

H 2 NCH 2 

(VIII-70) 


C 4 H 9 O 

H 2 NCH 2 






H 2 N 



(VIII-73) 


(VIII-71) 
N—CH 2 


O—CH 


H 2 N 



CH 2 

CHCH2N(C2Hb)2 
(VIII-75) 



(C2H6)2NCH2 


(VIII-74) 

“ Supniewski and Gajewska, Acta polon. pharmac., 3, 97 (1939); Chem. Zentr., 1939, 

//, 2444. Chierici, ^nn. cAim./arm., 1938, 48; C/iew. j?entr. 1939,//, 175 ' * 

« Chichibabin and Bylinkin, Ber., 55. 998 (1922). Seide, Bct., 57, 1802 (1924) Pitini 
Ann. chtm. applicata, 2, 213 (1914); Chem. Abslr. 9, 485 (1915). 

” Kermack Wright and Muir, J. Chem. Soc., 1935, 1143, 1421. Sinha, J. Pharmacol. 

ExptL Therap., 58, 62 (1936). Wojahn and Kramer, Arch. Pharm., 276, 291, 303 
(1038). ^ 
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Other heterocyclic amines exhibiting activity include 2-amino-6- 
ethoxybenzothiazole^^ (VIII-72), the aminophenyl-2-oxazolines (VIII-73, 
74 and 75) as well as p-aminophenyl substituted thiazolines (VIII-76) and 
thiazines (VIII-77), 2-pentoxazolines, oxazoles, thiazoles and similar com¬ 
pounds.^® 

CH2 

/ 


H2N 

(Vni-76) (VIII-77) 

Simple amino alcohols may produce local anesthesia without being 
part of the molecule of an ester, provided that their molecular weight is 
sufficiently high. Thus, 3-amino-6-methyl-heptanol-4 [(CH3)2CHCH2- 
CH0HCH(C2H6)NH2] and l-phenyl-2-aminopentanol-l [CeHeCHOHCH- 
(NH 2 )CH 2 CH 2 CH 3 ] show definite activity.®® However, deficiencies in 
molecular weight and lipid-water distribution coefficients of such amino 
alcohols are more readily overcome as lighter compounds in this gioup aie 
esterified with increasingly heavier acyl portions. The acetate of diethyl- 
aminoethanol is still inactive while its trichloroacetate, acrylate, or di¬ 
methylacrylate esters exhibit local anesthetic properties.®^ 




If the amino alcohol has a sufficiently high molecular weight, as in 
isoamylhydrocupreine (Eucupin, VIII-78) esterification is no longer neces- 

6«Ballowitz, Arch, exptl. Path. Pharmakol., 163, 687 (1931). . a 1 r 

and Adams Am. Ckem. Soc.. 59. 2252 (1937) Babcock and Adams, X 

Am. Chem. Soc., 59, 2260 (1937). Novelli and Adams, J. Soc . 

(1937). Friedman, Sparks, and Adams, J - Am. Chem. Soc., 59, 226 ( 

Kanao, 7. PAorm. jSoc. /apan, 49, 173 (1929). cn aq? nooR-) 

M Gilman. Herkert, and McCarackcn, J. Am. Chem. Soc., 50. 437 (1928; 
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sary to produce even prolonged and useful local anesthetic action. How¬ 
ever, even diethylaminoethanol produces obtusion to pain, when injected 
intravenously but this activity must be classified as analgetic (Chapter XI). 

If one considers the role of acetylcholine and epinephrine in the ti*ans- 
mission of nervous impulses, the possibility of regarding amino alcohols and 
their esters as analogs, or perhaps antagonists of the natural hormones be¬ 
comes apparent. It could be assumed that local anesthetics would com¬ 
pete with acetylcholine for a place in cholinesterase-catalyzed systems 
and thereby interfere with the normal catalytic reactions of the enzyme. 
Pharmacological evidence supports this mechanism of local anesthetic 
action; in vitro inhibition experiments of cholinesterase by some of the 
common local anesthetics parallels in general their anesthetic potency.^® 

Among amino ketones which have been found to possess local anes¬ 
thetic properties the following examples may be mentioned: o-amino- 
valerophenone (VIII-79) 2-(3-piperidino)propionyl pyrrolidine (VIII- 
80),“ /3-dialkylaminothiazolyl (VIII-81) and -oxazolyl ketones (VIII-82).®i 
Particularly aminoketones in the carbazole series (VIII-83) are powerful 
anesthetics.^ 


COC4H9 


(VIII-79) 


NH 

H2C CPICO(CH2)2NC6Hio 


H,C 


CH2 

(VIII-80) 


CcHb 


[f^"j|CO(CH2)2NR2 

-N 

(VIII-81) 


rf^>lCO(CH2)2NR 


•N 


(VIII-82) 



V 


^CO(CH 

(VIII-83) 


Bullock, Quart. J. Pharm. Pharmacol., 21, 266, 407 (1948). 

Hartung and Munch, J. Am. Chem. Soc., 51, 2570 (1929). 

Morgenroth, Per. ges. Physiol, u. expll. Pharmakol., 27, 367 (1917): 29, 233 (1919) 
0939^"^ 'Pherap., 65, 129 

" ^0942)^^^' Chem. Abstr. 36, 5176 
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IX. NITROGEN-FREE LOCAL ANESTHETICS 

The most important non-nitrogcnous local anesthetic is benzyl alco- 
hol.'^3 It is soluble to the extent of 4% in water and produces topical 
anesthesia in this concentration, or in ointments or lotions. Its applica¬ 
tion is often followed by local irritation; because it is readily oxidized to 
benzoic acid in the body and excreted as hippiiric acid its use has remained 
limited to the relief of burns or cutaneous itching. 

o-Hydroxybenzyl alcohol (saligenin, salicyl alcohol) has been used in 
a similar manner. It is relatively non-toxic and has been used also to 
anesthetize the urethric tract. Its pain-relieving properties have been 
attributed, in part, to its structural relation to the analgetic and anti¬ 
pyretic salicylates. As a matter of fact, the isolation of saligenin fiom 
the hydrolytic products of its glucoside, salicin, from the bark of the willow 
Salix alboj marked the opening of the investigation of salicylates as medi- 

cinals. 

Occasional mention has been made of the local anesthetic properties of 
phenethyl alcohol (CeHsCHaCHaOH) and benzoyl carbinol (CeHsCOCILOH) 
which probably owe their relatively low toxicity to the case with which 

they are oxidized to benzoic acid in vivo. 

Lower aliphatic alcohols, especially ethyl and isopropyl alcohol, are 
being used as rubbing alcohols for the relief of local neuralgias. As in 
other series, this low-grade effect is heightened by an increase in molecular 
weight. Chloretone [(CH3)2C(OH)CCl3l has been found to possess defi¬ 
nite local anesthetic properties. Menthol and octyl alcohols have been 

used for the same purpose. 

«8Macht, J. Pharmacol. Exptl. Therap., 11» 263 (1918). 
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Hypnotics and Sedatives 


The physiology of normal sleep is not well understood. Slight depres¬ 
sion of respiration and blood-pressure, and equally slight changes in the 
concentration of potassium and other cations in the blood are among the 
few indistinct symptoms which have been observed. There are many 
conditions which prevent normal sleep. External stimuli such as noise, 
the unaccustomed motion of a train or airplane, nervous irritation resulting 
from mental anguish or overwork, pain and maniacal states are among the 
best-known causes of insomnia. The logical way to help sleepless indi¬ 
viduals may be the removal of the causative condition, that is, restoration 
of health in case of painful disease, establishment of quiet, restful surround¬ 
ings, and relief from nervous tension. However, it is not always possible 
to reestablish such favorable conditions quickly, and relief from insomnia 
and the accompanying aggravation of its cause may have to be sought in 
symptomatic treatment. The role of the h3q5notics starts at this point. 

Hypnotics are depressant drugs which produce sleep. Their name is 
derived from the Greek vwvds (sleep), and the noun hypnosis expresses their 
activity. Hypnotics are used to induce sleep where natural sleep cannot 
be obtained. Some of them are so rapid in the onset of their action that 
they have to be administered to reclining patients in order to avoid accidents 
when the individual falls asleep virtually immediately. Paraldehyde and 
chloral belong in this category. Others act slowly and may be administered 
so that they will only cause a calming effect, sedation, in small doses while 
larger amounts produce sleep of varying depth and duration. 


I. TESTING METHODS 

As degrees of sleep are difficult to measure in laboratoiy animals the 
amount of a compound which causes certain reflexes to disappear is fre¬ 
quently used to evaluate hypnotic activity. If the ratio of minimum 
ypnotic dose to lethal dose is great enough, the drug may be tested 
therapeutically This type of testing must be done in warm-blooded 
animals since the hypnotic index of the same drug usually is more favorable 
and therefore misleading, in cold-blooded animals. 

animal r consists of tickling the inside of the ear of an 

animal with a splint. The smallest amount of the drug which no longer 
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causes an animal to respond to this or similar annoying external stimuli is 
considered the minimum effective dose. If measured in n animals, the 
average is listed as MED„, or as MEDm. 

Rapidity and duration of action are readily observed in animals. 
These factors together with studies of the rate of elimination, acute and 
cumulative toxicity, the effect of the drug on circulation and other phy¬ 
siological functions must be ascertained before clinical trial. 

^ II. EARLY HYPNOTICS 

Throughout the middle ages and until the middle of the nineteenth 
century ethyl alcohol and opium were used to produce euphoric stupor 
and occasionally therapeutic sleep, especially in lieu of the then unknown 
surgical anesthesia. Inorganic bromides were introduced as sedatives 
about 1864, but when used as hypnotics in larger doses were found to 
produce intoxication (bromism). Five years later Liebreich discovered 
the sleep-producing properties of chloral, and this was followed by paralde¬ 
hyde, sulfonal and by urethan. In 1903, Emil Fischer and von Mering^ 
varied the structui’e of barbituric acid which had been discovered by 
Baeyer and named after a “Miss Barbara”,^ and introduced Veronal 
(barbital) into medicine. From then on, hundreds of barbiturates have 
been tested as hypnotics. In addition, sleep-producing dmgs have been 
found in many other groups of organic chemicals, especially among al¬ 
cohols, aldehydes, amides, acylureas (RCONHCONHz), alkylureas 
(RNHCONH 2 ), urethans (ROCONH 2 ), sulfones of the type RR' (S02R")2 
and substituted biurets. 

Even before enough statistical material had accumulated to permit 
generalizations, the variety of drugs capable of putting animals or persons 
to sleep led to the assumption that simple relations of structure and 
hypnotic activity would not suffice to explain the phenomenon of hyp¬ 
nosis by drugs. As will be seen, it has not yet been explained and presents 
a picture of ever-increasing complexity. 

III. THE BARBITURATES 
1. General 

Of the various hypnotics available to the physician, the barbiturates 
hold a distinct therapeutic advantage. They are not disagreeable m tas e 
like the otherwise excellent chloral and paraldehyde. Their use is no 
restricted to hypnosis but can be extended to sedation and anesthesia 
weU. On the whole, one-fourth or one-fifth_ of the hypnotic dose will 

1 Fischer and v. Mering, Therap. Gegenwart, 44, 97 (1903). 

* as toldby Stadlingcr, Deut. Chem. Z., 1, 49 (1949). 
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produce sedation within one to two hours which is a distinct advantage 
over the time-honored alkali bromides which require a much longer period 
for the same effect. Again the various classes of barbiturates permit a 
gradation of sleep production according to the needs of the patient. There 
are long acting, moderately long acting, short and ultra short acting 
barbiturates. Their duration and their onset of action accompanies the 
figures listed in Table I. In addition, they may be administered paren- 
terally in emergencies and exhibit, in large enough doses, anticonvulsant 
activity. All the barbiturates are anticonvulsant but phenobarbital (IX-1) 
and a few N^-alkyl derivatives such as Mebaral (IX-2) are distinguished 
by their special effect on the motor cortex which makes them useful in 
certain epileptic conditions. 

The short-acting barbiturates as well as certain 2-thiobarbiturates, 
may be used to produce rapid surgical anesthesia of short duration. The 
main advantages of this application lie in emergency anesthesias, for 
example under war conditions, where portable or complex equipment is 
unavailable. The disadvantage of barbiturate anesthetics is particularly 
the impossibility of interrupting the anesthesia at any given point as can be 
done with volatile anesthetics. The barbiturates may also produce basal 
anesthesia prior to inhalation anesthesia, and they are widely employed as 
sedatives for pre-anesthetic medication. Moreover, barbiturates reduce 
the concentrations of ether and cyclopropane which produce anesthesia 
and respiratory arrest. 

Toxic effects of local anesthetics may be averted prophylactically by 

barbiturates; especially the shorter acting members of this series can 

potentiate the analgetic effect of the salicylates, pyrazolones, and the 

p-aminophenol type analgetics, and are often used in combinations con¬ 
taining both types of drugs. 

It has been proposed that the almost unnoticeably weak effects of the 
analgetics on the sleep center are raised in the presence of a true hypnotic. 
Vice-versa, morphine increases sharply the hypnotic action of barbiturates! 
Some of the combinations available in tablet form are listed in Table II. 

The barbiturates act chiefly by depressing the central nervous system, 
e^ecially the brain. The basal ganglia and the hypothalamus are first 
affected. The duration of this depression and the intensity of action 
depends on the structure of the drug, on its mode of administration and 
the amount used. Depression will be less when smaller doses are ad¬ 
ministered, and the same barbiturate can produce sedation or hypnosis 
depending on the dose. 

The barbiturates have a quieting action in nervous and excited states 
m manias, and in cases of hyperthyroidism, and since sleep under the 
influence of these drugs resembles natural dreamless sleep, large amounts 



Table I. Substituted Barbituric Acids 
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TABLE II. Sy*nergistic Mixtures of Hypnotics and Analgetics 


Trade name Components 


Veramon.Diethyl barbiturate + aminopyrine 

Pyraminol.Phenobarbital and aminopyrine 

Allonal.Ailurate and aminopyrine 

Lumalgin.Phenobarbital and Aspirin 

Evicyl.Evipal and Aspirin 

Cibalgen.Dial and aminopyrine 


of different barbiturates are used by the public with or without prescrip¬ 
tion by physicians. Occasionally, intoxication by barbiturates has been 
observed, and a relatively large percentage of suicides has been traced to 
barbiturate poisoning. Approximately ten to fifteen times the usual hyp¬ 
notic oral dose may become toxic. Death from barbiturates is due mainly 
to respiratory depression, sometimes complicated by pneumonia followed 
by vasomotor collapse, that is, various vessels no longer respond to stimula¬ 
tion. Relief from barbiturate poisoning symptoms may be obtained by 
artificial respiration and by stimulant analeptics such as caffeine, Coramine, 
Metrazol, picrotoxin, strychnine, and Benzedrine and other /3-phenyliso- 
propylamines. 

In order to minimize the danger of poisoning if an overdose of bar¬ 
biturates is taken with suicidal intent, a small amount of an emetic, such as 
ipecac, may be incorporated in an enterically coated pill. The amount of 
the emetic is so chosen that the ipecac will manifest its activity only if 
several times the therapeutic dose of the barbiturate has been ingested. 

Prolonged use of barbiturates may lead to habituation. A craving for 
the drug is experienced when this is no longer administered. True addic¬ 
tion, however, as observed with opiates, and characterized by severe with¬ 
drawal symptoms is barely ever noticed in barbiturate habituation. 

Counterindications to the use of barbiturates include: (a) allergic 
reactions caused by these drugs, (6) renal impairment, since several 
barbiturates are eliminated through the kidney, and (c) liver disease 
because a number of them are oxidized and detoxicated in the liver. In 
patients with liver disease, non-toxic doses of barbiturates may produce 
profound and unduly prolonged sleep. On the whole, the rate of detoxica¬ 
tion in the liver is sufficient to minimize the danger of cumulative toxicity. 

2. Synthesis of Barbituric Acids 

The synthesis of 5,5'-disubstituted barbiturates (IX-3) has not been 

changed much during the last forty years. They are 
condensing disubstituted esters of malonic acid with urea in the prese 
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■ 

sodium methoxide or ethoxide. Only in the case of very active alkyl 
halides such as allyl, or benzyl halides is it possible to substitute barbituric 
acid directly with these alkyl groups. 


R 2 C(COOC 2 H 02 + H 2 NCONH 2 


NaOCjHe 

or 

Mg(OC2H6)2 


NH 

/ X 

OC CO 

HN CR 2 

\ / 

CO 

(IX-3) 


With the introduction of unsymmetrically substituted 5,5'-dialkyJ 
barbituric acids^ it became increasingly important to improve the yield of 
the monoalkylmalonate ester first obtained into which another radical is to 
be introduced later. In almost all cases the alkylation of malonic ester 
leads to a mixture of mono- and dialkyl derivatives in which some of the 
unsubstituted ester is left over. In the case of the smaller alkyl groups 
such as methyl it is difficult to separate these materials by fractional 
distillation, or even by the differences between their solubility in dilute 
alkali. The malonates retaining at least one acidic hydrogen at the 
carbanion position are somewhat soluble in ammonium hydroxide and 
similar weak bases but this property depends too much on the character of 
the substituent to permit clean-cut separation from disubstituted malonic 
esters. If the two alkyl groups have a considerable weight such as two 
amyl groups, two heterocyclic groups etc., fractionation becomes easier 
because the dialkyl derivatives with large alkyl groups show a much 
higher boiling point than the monoalkyl derivatives. 

To meet the difficulty of getting pure monalkyl malonic acids two 
methods have recently been proposed. In one of them^ alkyl cyano- 


(a) 

NCCH 2 CO 2 R -i- 0=CR'2 

^ NCCCO 2 R + H 2 O 
C^R^ 

(b) 

NCCCOOR 4 - H 2 
II 

NCCHCO 2 R 


CR'a 

HCR^ 

(c) 

NCCHCO 2 R 

1 

ROOCCHCO 2 R 


CHR 5 

CHR' 


» Shonle and Moment, J. Am. Chern. Soc., 45, 243 (1923). 

* Alexander and Cope, J. Am. Chem. Soc., 66, 886 (1944). 
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acetates are reduced catalytically in the presence of aliphatic carbonyl 
compounds. Alkyl cyanoalkylacetates (NCCHR'COOR) which may then 
be hydrolyzed to monoalkyl malonic acids are obtained in this process. 
The unsaturated derivatives formed by equation (a) can be isolated in 
many cases, and support the proposed reaction mechanism. The main 
advantage of the simultaneous hydrogenation is avoidance of isolation of 
these unsaturated intermediates. 

In another route particularly applicable to manufacturing processes® 
barbituric acid is mixed with aldehydes or ketones and the mixture is hy¬ 
drogenated. In all cases, monoalkyl barbituric acids (IX-4) are obtained 
from this reaction. Into these compounds, at least some of the more 
reactive alkyl groups such as allyl or benzyl, may be introduced to yield 
the corresponding dialkyl barbiturates. 


NH 

/ \ 

OC CO 


H, 


NH 

/ \ 

OC CO 


RaCO 


i: 


HN CH 2 HN CHCHR 2 

\ / \ / 

CO CO 

(IX-4) 

(one R may be H) 


It is not possible to substitute aryl groups into diethyl malonate, 
and the synthesis of the important drug phenobarbital (IX-1) has to take 
this factor into account. The chief task here is the preparation of diethyl 


Na or 


CaHjONa 


C 6 H 5 CH 2 CO 2 C 2 H 6 + (C02C2H5)2 

(IX-5) 

CsHsCHCOCOsCzHb C6H6CH(C02C2H6)2 _^ 


COOC 2 H 6 

|(IX-6) 


CaHsCl 
CO—NH 


CeHfi 


C«HbC(C 02C2H6)2 urea 


\ 


C CO 




2 H 6 


NaOCaHs or / 

Mg(OCH ,)2 C2H6 


(^O—NH 
(IX-1) 


‘ Wenner, in Jubilee Volume Emil Bareli. Reinhardt, Basle, 1946, p. 436. 
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phenylmalonate which may be achieved, for instance, by condensing 
ethyl phenylacetate (IX-5) with ethyl oxalate, and decarbonylating the 
resulting a-keto ester (IX-6) by heating, sometimes with the aid of pow¬ 
dered soft glass. Alkylation of the remaining active hydrogen and con¬ 
densation vdih urea under the influence of sodium or magnesium alkoxide 
complete the synthesis. 

3. Relation of Structure and Activity 

The monoalkyl and monoaryl derivatives of barbituric acid are phy¬ 
siologically almost inactive. The same holds for barbituric acids sub- 


TABLE III. Rklativb Activity OF 10% SoLUTio.NS OP Sodium Salts OF 

Barbitubic Acids in Rabbits* 


Derivative of barbituric acid 

Mol. 

wt. 

Inabilitv to rise 
when shaken, 
gVkg. 

Toxic 

dose 

6 /kg. 

Tlicrapeutic 

Index 

Remarks 

Dimethyl . 

. 156 



_ 


Diethyl. 

. . 184 

0.15 

0.25 

1:1.7 


Dipropyl. 

. 212 

0.06 

0.22 

1:3.7 


Propyl-isopropyl . 

. . 212 

0.05 

0.15 

1:3 


Di-n-butyl. 

. 240 

0.35 

0.50 

1:1.4 

Dizziness 

Dibenzyl. 

. . 308 




Ethyl-isopropyl. 

. 198 

0.10 

0.20 

1:2 


Ethyl-isobutyl. 

. 212 

0.05 

0.12 

1:2.4 


Ethyl-n-butyl . 

. 212 

0.04 

0.10 

1:2.5 


Ethyl-sec-butyl . 

. . 212 

0.05+ 

0 .20- 



Ethyl-isoamyl . 

.. 226 

0.04 

0.17 

1:4.2 


Propyl-isoamyl . 

.. 240 

0.08 

0.22 

1 :2.8 


Ethyl-benzyl . 

. . 246 

0.04 

0.06 

1:1.5 

Convulsions 

Benzyl-isopropyl . 

. . 260 

0.20 

0.35 

1 :1.8 

Benzyl-propyl . 

. 260 

0.20 

0.45 

1:2.3 

Convulsions 

Ethyl-phenyl . 

...232 

0.08 

0.15 

1:1.9 


stituted in the 5-position with two very small alkyl groups. Dimethyl 
barbituric acid is without apparent action on rabbits in a dose of 0 75 
g./kg. As the molecular weight is increased the activity mounts until a 
niaximum is reached. When the sum of the carbon atoms in the groups 
at position 5 is larger than seven or eight, the hypnotic activity drops and 
the animal under observation only shows muscular incoordination or no 
effect at all as is the case in dibenzyl barbituric acid.' This particular 
compound was of interest in view of the discovery by Macht that benzyl 
alcohol pos.sesses antispasmodic and relaxing properties. The inactivity 

• Dox and Yoder, J. Am. Chem. Soc., 44, 1141 (1922), 
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of dibenzyl barbituric acid is an example for the old experience in medicinal 
chemistry that incorporation of two active groups in one compound 
usually abolishes effectiveness. 

It may be stated that branched chain aliphatic groups are more active 
and less toxic than the straight chain ones. Table III lists the relative 
activity of 10% solutions of sodium salts of certain barbituric acids in 
rabbits. 

The optimum relation between therapeutic activity and toxic dose is 
reached in the series of substituted barbituric acids in the case of isoamyl- 
ethyl barbituric acid (Amytal). For many barbituric acids the ratio of 
toxic to therapeutic dose is approximately the same although there are 
exceptions to this rule. For instance, 0.15 g./kg. of sodium diethyl 
barbiturate puts a rabbit to sleep while 0.25 g./kg. produces death. In 
contrast, 0.04 g./kg. of isoamyl-ethyl barbituric acid is hypnotic in rabbits; 
a slightly larger dose of 0.0404 gram produces extremely deep sleep while 
not less than 0.15 g./kg. kills 50% of the animals. 

The dialkyl barbituric acids show marked differences in hypnotic 
action depending on the nature of the alkyl groups in position-5. It was 
thought that a hint as to the usefulness of certain alkyl groups in this posi¬ 
tion might be obtained by studying the effect of variations in the alkyl 
radicals on the hypnotic activity of simple or substituted alcohols. In 
general, lengthening of the alkyl chain leads towards a more favorable 
lipid solubility and therefore greater hypnotic power. However, the regu¬ 
larities found in alcohols, that primary alcohols are more active than sec¬ 
ondary alcohols, or that branched primary alkyl groups are more active 
than normal alkyl groups do not hold well in the barbituric acid series. 
Introduction of polar or functional groups into the alkyl groups such as 
ether or keto groups, hydroxyl, carbonyl, amino or carboxyl groups usually 
destroys the depressant effect. It may be that these groups lessen the 
tendency of the alkyl groups to impart lipid solubility to the molecule. 

High therapeutic ratios between narcotic and toxic doses are observed 
in a series of spirobarbiturates.^ They are prepared by a diene synthesis 
from diethyl alkylidenemalonates (IX-7). Hydrogenation of the alkyl- 
substituted ethyl cyclohexenemalonates (IX-8) first obtained produces 
the corresponding saturated derivatives (IX-9), and condensation of e^her 
ester with urea furnishes the two series of 5 , 5 -spirobarbiturates (IX-IU 
and 11). The n- and isopropyl derivatives in both senes possess the most 

favorable properties. 

’ Cope, Kovacic and Burg, J. Am. Chem. Soc., 71, 3658 (1949). 
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HC 




CH 


R 

+ HC 


CH=CH2 


% 


C(C02C2H5)2 

(IX-7) 


_R 

^ (C02C2H5)2 

(IX- 8 ) 

II 2 

« » 

R 

/~\(C02C2H6)2 


(XI-9) 


Urea 
- > 


_R CONH 

CONH 

(IX-IO) 


Urea 
- > 


R CONH 



CONH 


(XI-11) 


These compounds are an exception to the rule that replacement of 
both valences at Cs by one group gives inert compounds. For example, 
5-benzalbarbituric acid (IX-12) and 5-methylenebarbituric acid (IX-13) 
are inactive. 


CONH CONH 

X \ X \ 

CeHeCH^C CO CH 2 =C CO 

\ X \ X 

CONH CONH 

(IX-12) (IX-13) 

This holds also for the introduction of two small, or certain large like 
groups, two methyl, two benzyl, or two amide groups. Only if the total 
molecular weight amounts to approximately 250, and the sum of the carbon 
atoms in the two alkyl groups is around seven or eight will two like alkyl 
groups be satisfactory in producing hypnotic activity. In order to account 
for the diffeiences in activity of a number of primary and secondary groups 
such as the n-amyl and the secondary amyl, or the n-butyl and the sec¬ 
ondary butyl group, it has been claimed that groups which contain asym¬ 
metric carbon atoms have increased activity. However, the synthesis of 
some optically active barbituric acids with asymmetric centers in the alkyl 
groups has not borne out this prediction. 

If one of the alkyl groups at Cb is very reactive as in benzyl or pro- 
pargyl (CHgC^CH) groups, the resultant barbituric acid often has anti- 
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convulsant activity at lower doses. N-Alkylation, especially N-methylation, 
seems to confer anticonvulsant properties on 5,5-disubstituted barbituric 
acids. Mebaral (IX-2) is such a case. It is synthesized from diethyl 
phenyl-ethylmalonate and methylurea. 

Among the dialkylbarbituric acids containing oxygenated functions, 
certain a-alkoxyethylbarbituric acids (IX-14) have shown promising prop¬ 
erties. Synthesized from a-alkoxyvinylmalonic esters (IX-IS) and subse¬ 
quent condensation with urea,® two members of this group (IX-17 and 
IX-18) caused a shorter duration of anesthesia than Amytal, and had a 
more favorable therapeutic ratio (Amytal, 2.22). These properties should 
make these compounds suitable for intravenous anesthetic purposes. 


CH2=CCRXC02C2H6)2 

OR 

(IX-15) 


CH 3 CH 2 CH 2 

\ /CONHv 
CH3CHC< >C0 

7 ^CONH/ 

OC 2 H 6 


(IX-17) 

Therapeutic ratio: 3.75 


CH3CH(0R)CR'(C02C2H5)2 


(IX-16) 

I HaNCONHa 

CONH 

/ \ 

CH 3 CHCR' CO 

I \ / 

OR CONH 
(IX-14) 

CH3(CH2)2CH(CH3) 

\ /CONH. 

C< >CO 

/ ^CONH/ 
CH3CH 

I 

OC 2 H 6 

(IX-18) 

Therapeutic ratio: 2.67 


All serious attempts to correlate the results of substituting various 
alkyl groups with changes in the activity of the resulting compounds have 
remained erratic. The problem has been reviewed systematically by 
Shonle.® 


4. Effect of Chemical and Physical Properties 

As in all other groups of drugs, a combination of physical and chemical 
properties plays an important role in determining the physiological char¬ 
acteristics of the barbituric acids. Like other depressant agents these 

® McElvain and Burkett, J. Am. Chem. Soc., 64, 1831 (1942). 

» Shonle, J. Ind. Eng. Chcm.^ 23, 1104 (1931). 
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compounds must consist of lipotropic alkyl radicals attached to a hydro- 
tropic polar group (the trioxypyrimidine moiety) which is capable of form¬ 
ing associated molecules in polar solvents and which may possess similarity 
to compounds occurring in the body. The latter property is not essential, 
but it is interesting to speculate about the relation of the barbiturates to 
the isoalloxazines, nucleic acids, thiamine and similar compounds con¬ 
taining pyrimidine rings. 

An analogy appears to exist between the structures of the hypnotic 
barbiturates, and those of the cerebral stimulants among the purine alka¬ 
loids. Caffeine (IX-19) stimulates only the cerebral cortex in small doses; 
minor modifications of its structure as they are seen in theophylline (IX-20) 
and theobromine (lX-21) decrease or abolish this property. It is believed 
that the depressant effect of the barbiturates is antagonistic to the ana¬ 
leptic action of caffeine. 


CH 


CH 


CH 




(IX-20) 



On the whole, all hypnotics are expected to exhibit a certain chemical 
stability in order to permit sufficiently long duration of action. Some 
biological degradation is necessary but, like the anesthetics, the hypnotics 
must not be destroyed too rapidly in the body. If chemical changes do 
not occur at all, depressant activity will barely ever be noticed. Shonle 
and Moment^ have demonstrated approximate ratios of in vivo degradation 
for certain barbiturates substituted by saturated alkyl groups. When 
injected subcutaneously into dogs, about 90% is recovered unchanged in 
the urine while only 62% is found unchanged after oral administration. 
The metabolic fate of barbiturates will be discussed below. 

The barbituric acids are very weakly acidic, and the body liquids must 
have a decisive and not yet understood effect on the pH of the hypnotics. 
Various investigators have tried to correlate hypnotic activity with certain 
individual physical properties of the barbiturates; thus, the water solu¬ 
bility of sec-amylethylbarbituric acid is twice that of the more active 
isoamyl-ethyl isomer, and the latter has the higher partition coefficient 
between oil and water. In other cases, the ability of certain barbiturates 
to depress surface tension has been measured, but as in the series of anes¬ 
thetics these experiments have not disclosed definite regularities. It has 
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been suggested that the pH of the barbituric acids influences the rapidity 
of the onset of their action, but while this factor may be utilized in planning 

the preparation of rapidly acting hypnotics, it does not account for the 
duration of the sleep produced. 

The complexity of evaluating such one-factor tests may be gathered 
from a comparison of diallyl barbituric acid (Dial) and allyl-(l-methyl- 
butyl) barbituric acid (Seconal). In both drugs, the allyl groups promote 
reactivity, and therefore acidity of the respective molecules, and both 
compounds bring about speedy hypnosis. It might be expected that the 
more unsaturated of the two drugs (Dial) should be more easily destroyed 
by oxidative cleavage and thereby be the shorter-lasting member of the 
pair. Actually, the reverse is true: Seconal maintains sleep for not much 
over four hours while the same dose of Dial can keep a patient asleep for 
as long as eight hours. It is obvious that other factors, not yet measured, 
influence duration of hypnosis. 


5. Thiobarbiturates 


Certain 5,5'-dialkyl-2-thiobarbiturates have been introduced in recent 
years as intravenous anesthetics. Especially 5-ethyl-5-(l-methylbutyl)-2- 
thiobarbituric acid (Pentothal, IX-22) and 5-ethyl-5-isoamyl-2-thiobar- 
bituric acid (Thioethamyl)*®- " (IX-23) when injected under carefully 
prescribed conditions, produce surgical anesthesia rapidly. The anes¬ 
thesia is of short duration and leaves no ill after-effects. These com¬ 
pounds are also used in block anesthesia, particularly to anesthetize 
selected regions of the body by injection into the spinal fluid. 


S: 


H 


HN 

\ 



O 


CH(CH3)(CH2)2CH3 


S: 


H 

■N- 


O 


C2H6 


HN 


O 



/(CH2)2CH(CH3)2 


C 2 H 5 


O 


(IX-22) 


(IX-23) 


The synthesis of the thiobarbiturates follows the same general route 
as that of their oxygen analogs, namely, condensation of dialkyl sub¬ 
stituted malonic esters with thiourea. As shown by acidimetric titra¬ 
tions, thiobarbiturates are more acidic than the corresponding barbiturates, 
and this property may, perhaps, account for the rapid onset of their 
action. 


Tabern and Volwiler, J. Am. Chem. Soc., 57, 1961 (1935); 58, 1355 (1936). 

“ Miller, Munch, Crosaley, and Hartung, J. Am. Chem. Soc., 58, 1090 (1936). 
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A very effective thiobarbiturate for intravenous anesthesia of dogs 
and rats has recently been found in Thionarcon (5-ethyl-5'-(butylthio- 
methylene)-2-thiobarbituric acid.^^ 


6 . Metabolism of Barbiturates 


The metabolic fate of barbiturate hypnotics has a profound influence 
on the duration and intensity of their action. As may be expected, the 
more rapid their rate of excretion, the shorter the duration of action of the 
drugs. Rate of excretion does not appear to be directly related to metabolic 
alteration, as far as the meager available information permits to conclude. 
Diethyl barbiturate is excreted without change in the urine, as are also 
considerable amounts of phenobarbital, Dial, Rutonal and Allonal. Other 
useful barbiturates are metabolized in the liver almost entirely before 
being excreted. The N-methyl barbiturates, such as Prominal, are de- 
methylated in the organism; the nor-compounds can be isolated, and since 
they are ordinarily less active than the N-methyl derivatives, deactivation 
appears to halt at a stage of decreased rather than entirely lost activity. 
It would therefore be imprudent to attribute the deactivation of N-methyl 
compounds to dealkylation. This conclusion is similar to that reached 
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Zuccari, Pharm. Prod., 4, 532 (1949). 



C2H5 CONH 
(IX-27) 
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for the relation of the metabolic demethylation of caffeine to the analeptic 
action of this alkaloid (Chapter XII). 

Barbiturates substituted by branched alkyl, or by aliphatic or cyclic 
alkenyl groups in position 5, are oxidized, principally in the liver. Ex¬ 
amples are the fate of Pentobarbital (IX-24) which is oxidized to the 
alcoholic barbiturate (IX-25); and that of Phanodorn (IX-26) which is 
metabolized to the a,j3-unsaturated ketone (IX-27). The metabolic prod¬ 
uct (IX-25) is excreted as the dextrorotatory form; the latter is pharma¬ 
cologically inactive even in large doses.This appears to be a true case 
of detoxication. 

Barbiturates containing the 2-bromoallyl group undergo hydrolysis of 
the bromine to yield acetonyl derivatives (IX-29). The fate of Pernoston 
(IX-28) illustrates this reaction. 
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HN CCH2CBr=CH2 

\ /I 

CO CH(CH3)2 

(IX-28) 
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HN CCH2COCH3 

\ /I 

CO CH(CH3)2 

(IX-29) 


It might be assumed that the most sensitive linkages in the barbituric 
acid molecules, the amide or ureide groups, should be the first points of 
biological hydrolytic attack. Amides or ureides of disubstituted malonic • 
acids would result from such reactions, and the possibility could not be 
overlooked that these compounds are the actual hypnotics. When, how¬ 
ever, diethyl- and dipropylmalonamide (IX-30) and the ureide of the 
diethylmalonic acid (IX-31) were tested, no hypnotic activity was 


H 2 NCOCR 2 CONH 2 

(IX-30) 


H 00 CC(C 2 H 5 ) 2 C 0 NHC 0 NH 2 
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detected. There is actually no experimental evidence to show that the 
barbiturates are hydrolyzed to either amides or ureides of the corresponding 


Maynert and Van Dyke, Science, 110, 661 (1949). 
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malonic acids before they reach the brain cells. This is surprising in view 
of the observation that similar acylureas related to barbiturates liave 
shown pronounced and useful anticonvulsant activity. Thus (2-phenyl- 
butyryl) urea (IX-32) related to phenobarbital (IX-1) counteracts effi¬ 
ciently convulsions brought about by electroshock (see Chapter X). 

The metabolism of barbiturates has recently been reviewed in detail. 


IV. ALCOHOLS AS HYPNOTICS 


Ethyl alcohol has been used as a sedative and hypnotic ever since 
man learned to produce it by fermentation of grains. It causes, like all 
other depressant agents of the central nervous system, a state of excite¬ 
ment before depression sets in, and man has derived more pleasure from 
this property of ethanol than from the sleep that follows the excitement. 
In view of the fact that alcoholic liquors can be purchased universally 
without a physician’s prescription, self-medication for lack of sleep prob¬ 
ably makes more use of alcohol than of any other drug. As a rational 
therapeutic, however, it has long been superseded by less toxic hypnotics, 
particularly because of the danger of chronic alcoholism involved in its 
continued use. 


Richardson!^ observed as early as 1869 that hypnotic activity of al¬ 
cohols increases with the molecular weight. A maximum is reached in 
n-hexanol or n-octanol; the activity curve declines with a further length¬ 
ening of the alkyl chains and disappears in hexadecanols (see Chapter 
III). Branching of the alkyl chain raises activity, and so does the transi¬ 
tion from primary through secondary to tertiary alcohols in an isomeric 
series. Besides ethanol, tertiary amyl alcohol (2-methyl-2-butanol) is the 
only simple alcohol which has found practical use. It is employed now 
only as a synergistic solvent for tribromoethanol (see below) because it 
increases the depth and duration of the sleep produced by this drug. 

A more favorable distribution coefficient between lipids and aqueous 
body liquids is attained by chlorinating or brominating simple branched 
or unbranched alcohols. Both trichloro and tribromoethanol are powerful 
hypnotics. The latter, dissolved in teri-amyl alcohol, is used as “Avertin 
^vith Amylene Hydrate)” for basal and general anesthesia as described in 

Tnchloroethanol although causing less respiratory depression, has 
certain excitatory side-effects and will probably not be used as such. 
There is little doubt however, that it is the active stage to which the 
corresponding aldehyde, chloral, is reduced in the organism: trichloro- 
ethanol is found m the urine of animals treated with chloral. 


!! Tkerap., 96. 217 (1949). 

Richardson, Med. T%mea and Gaz., 18, 703 (1869) 
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Trichloroisopropyl alcohol (Isopral, CI 3 CCHOHCH 3 ) is more active 
than chloral but too toxic for general use. l,l,l-TrichIoro-2-methyl-2- 
propanol (Chloretone, Chlorobutanol) also is a powerful hypnotic and is 
used occasionally for preanesthetic sedation. It is widely applied to pro¬ 
duce long-lasting anesthesia in laboratory animals, and because of its low 
toxicity and pronounced bacteriostatic and anesthetic properties has been 
recommended for pharmaceutical preparations in the treatment of nasal 
irritations. 


V. ALDEHYDES AND KETONES 

It is not certain whether simple aliphatic aldehydes exert their slow 
hypnotic effect by being reduced to the corresponding alcohols, but their 
toxic manifestations have made even this fundamental study unattractive. 
The depressant effect of aromatic aldehydes is questionable. On the other 
hand, acetophenone has been used as a hypnotic under the name of Hypnon 
but has become obsolete by the discovery of safer drugs with a wide choice 
of graded activity. 

The trimer of acetaldehyde, paraldehyde (IX-33) may be regarded as 
a cyclic acetal of the parent compound. It acts similar to ethyl alcohol. 


O 

/ \ 

CPI3CH CHCH3 


o o 


CHa 

(IX-33) 


Its most distinguishing disadvantage is its pungent odor and taste and its 
irritating effect upon mucous membranes. The breath exhaled by indi¬ 
viduals asleep under the influence of paraldehyde imparts to the surround¬ 
ings so strong an odor of fusel oils that hospital attendants have been 
known to refuse to enter rooms of such patients. Nevertheless, the prompt¬ 
ness of its action has preserved paraldehyde a valuable place in psychiatric 
practice. A search for hypnotic activity in similar cyclic trimeric alde¬ 
hydes has failed to yield additional drugs in this series. 

As with the alcohols, halogenation and particularly chlorination creates 
a set of physical properties conducive to hypnosis. The best-known 
example in this group is chloral which, for the sake of convenience, is 
usually marketed as the crystalline stable and water-soluble hydrate, 
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CUCCHCOH)?. Its introduction into therapy was based on false premises 
and provides one of the classical stories of medicinal chemistry, repeated in 
other cases with due variants. 

Chloroform was known as an anesthetic, and its formation from chloral 
by the haloform reaction permitted the conclusion that administration of 
chloral would result in a slow release of the active chloroform. Thera¬ 
peutic trials confirmed the prediction of the depressant activity of chloral, 
and the aldehyde enjoyed great popularity for many years in simple in¬ 
somnias which it tends to relieve efficiently. Only after the introduction 
of the barbiturates did chloral hydrate begin to lose ground, since its irri¬ 
tating effect on the stomach and its depressant effect on heart and respira¬ 
tion could not measure up to the newer, less toxic drugs. 

The path of the physiological action of chloral, however, had been 
interpreted erroneously. No evidence of a “physiological haloform cleav¬ 
age” has been obtained, and chloroform is certainly not the product to 
which the action of chloral can be attributed. When chloral is fed to dogs, 
it is reduced to trichloroethanol which can be recovered from the urine as 
the glucuronate. It is noteworthy that bromal shows no hypnotic action'® 
while its reduction product, tribromoethanol, is an excellent narcotic. 


VI. AMIDES, UREAS, AND BIURETS AS HYPNOTICS 


No useful hypnotic drugs have been found in this group of compounds 
but several members of these series combine sufficient centrally depressant 
properties with a lack of undesirable side effects to act as sedatives. They 
often have mild analgetic activity. They may influence favorably hys¬ 
terical conditions, excited states due to mental disorders, simple nervous 
insomnias, and neurotic acceleration of the heart. 

N,N-Diethylisovaleramide, (CH3)2CHCH2CON(C2H6)2, which has 
been marketed under the name Valyl, is a typical representative of a simple 
sedative amide. 

By replacing two or three of the hydrogen atoms of the methyl group 
of acetamide by alkyls, or by two alkyls and one chlorine or bromine 
atom, useful sedatives have been found, for example, Novonal (diethyl- 
allylacetamide, IX-34), Declonal (diethyl-a-chloroacetamide, IX-35) and 
Neodorm (ethylisopropylacetamide, IX-36). ' 


(C2H6)2CC0NH2 


(C2H6)2CC1C0NH2 (CH3)2CH—CHCONH 2 


CH2CH=CH2 X ^ 

(IX-34) (IX-35) (IX-36) ' ^ 

Lehman and Knoefel, J. Pharmacol. Exptl. Therap., 63, 453 (1938). 
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As in the group of simple amides, branching or halogenation of the 
alkyl groups increases the sedative activity of acyl ureas. Carbromal 
(diethylbromoacetyl urea, IX-37), Bromural (Adalin, bromisovaleryl urea, 
IX-38), and Sedormide (allyl-isopropylacetyl urea, IX-39) are widely used 
sedatives. Some diacyl ureas exhibit hypnosis comparable to that of 
diethyl barbiturate, but even moderate duration of action in animals can 
be attained only by relatively large doses. Analgesia frequently accom¬ 
panies the hypnotic effect. 

The syntheses of the three acylureas mentioned in the preceding para¬ 
graph start from the corresponding alkyl or dialkylmalonic acids which are 
decarboxylated to alkyl or dialkylacetic acids. The chlorides of these acids 
react with urea to yield the acetyl ureas which, if necessary, can be halo- 
genated in the a-position (examples a and b). 


(a) (C 2 H 6 ) 2 C(C 02 H )2 


1. —CO. 


2. SOCI 


(C2H6)2CHC0C1 

Br 


Urea 


(C2H5)2CHC0NHC0NH2 


(b) (CH3)2CHCH(C02H)2 


Br, 


^ (C 2 H 6 ) 2 CCONHCONH 2 -HBr 

(IX-37) 


3 steps 


(CH3)2CHCH2C0NHC0NH2 


(CH 3 ) 2 CHCHBrCONHCONH 2 

(IX-38) 


(C) (CH3)2CHC(C02H)2 

CH2CH=CH2 


3 steps 


(CH3)2CHCHC0NHC0NH2 

CH2CH=CH2 

(IX-39) 


The most successful urea in the field of hypnotics is the cyclic deriva¬ 
tive Persedon, 3,3-dimethyl-2,6-dioxo-l,2,3,6-tetrahydropyridine (IX- 
40). It may be that the structural analogy to dialkylbarbituric acids ex- 

O H O 

*^(CH3)2 

(IX-40) 

pressed in its formula contributes toward the intensification of the sedative 

properties of this di*ug. \ 

The known low toxicity of derivatives of biuret (H 2 NCONHCONH 2 ; 
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suggested to Hill and Degnan^^ the testing of acylbiurets as hypnotics. 
Using the Billeter reaction^® they condensed dialkylacetyl isocyanates 
(IX-41) with alkylureas (IX-42) and obtained thereby the dialkylacetyl 
biurets (IX-43) in over 80% yield. 


R 2 CHCONCO + IUNHCONH 2 ^ R 2 CHCONHCONHCONHR' 
(IX-41) (IX-42) (IX-43) 

These compounds compare favorably with barbital in hypnotic effect 
and lack all anesthetic action. As much as 500 mg./kg. has no permanent 
ill effect on test animals. The most active compound in this series is 
l-diethylacetyl-5,5-pentamethyIene biuret (IX-44). A particularly low 
toxicity is exhibited by 1,1,5,5-bis(pentamethylene) biuret (IX-45) 
which also has a very favorable hypnotic index.*® 

CH 2 CH 2 

(C2H6)2CHC0NHC0NHC0N^ ^CH2 
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CH 2 CH 2 

(IX-44) 


CH 2 CH 2 
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2 NH 


VII. URETHANS^® 

Ethyl urethan (ethyl carbamate, H 2 NCOOC 2 H 6 ) has been employed 
as an analgetic, anesthetic and clinical hypnotic at various periods. Al¬ 
though its high toxicity could not assure it but passing attention the chem¬ 
ical lead divulged by this compound, a combination of amide and ester 
groups, invited stmctural variations along the lines which had lead to more 
potent and less toxic derivatives of amides and ureides. Unfortunately 
^ potency incre^es in the series of branched or halogenated urethans, so 
does toxicity, and none of these compounds have gained a lasting foothold 
in therapeutic practice. Hedonal (1-methylbutyl urethan, IX-46), Vol- 

” Hill and Degnan, J. Am. Chem. Soc., 62, 1595 (1940). 

Ib (1903). Baeyer and Co., German Pat. 275,215 

Anderson, Ch eng, P’an, Sah, and Lu, Science, 95, 254 (1942) 

” review of 
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untal (2,2,2-trichloroethyl urethan, IX-47), Aleudrin (a,a'-dichloroiso- 
propyl urethan, IX-48) and Aponal {teri-omyX urethan, IX-49) may serve 
as examples of this series. 

Voluntal (IX-47) is synthesized by condensation of trichloroethanol 
with phosgene in the presence of quinoline and subsequent treatment with 
ammonia according to the scheme: 

CI 3 CCH 2 OH -f COCI 2 ^ CCI 3 CH 2 OCOCI ^ CCI 3 CH 2 OCONH 2 

(IX-47) 

Other urethans are prepared by analogous routes. 

CH3(CH2)2CH(CH3)0C0NH2 

(IX-46) 

(C1CH2)2CH0C0NH2 

(IX-48) 

(CH3)3CCH20C0NH2 

(IX-49) 

A combination of molecular proportions of Voluntal and aminopyrine 
has a stronger hypnotic effect than the urethan could have by itself. This 
potentiation is similar to that achieved by mixing barbiturates witli certain 
analgetics, and has sometimes been spoken of as Burgi’s principle of cumu¬ 
lative action. 

Aromatic urethans exhibit local anesthetic activity (Chapter VIII), 
a fact which affects testing for hypnotic activity in the urethan series. 
Many urethans are habit-forming and have diuretic properties, and this 
has slowed down interest in this field. It should be mentioned that ure¬ 
than inhibits mitosis (Chapter XXVII), and that certain aromatic ure¬ 
thans (physostigmine, Prostigmin etc.. Chapter XXI) are powerful in¬ 
hibitors of cholinesterase. It is not known whether the hypnotic effects of 
urethans are based on a similar pharmacodynamic mechanism. 

CI 13 CH 2 CH 2 CH—C(C 2 H 6 )C 0 NH 2 

\ / 

O 

(IX-50) 

It is interesting that 2-ethyl-3-propyl-glycidamide (IX-50) in which 
the group -OCONH 2 is varied by incorporation in an epoxide ring has a 
depressor action resembling that of slow-acting barbiturates. Its hyp¬ 
notic dose is one-seventh and its toxicity less than one-tenth that of pento¬ 
barbital.^^ 

21 Warren, Thompson, and Werner, J. Pharmacol. Exptl. Therap., 96, 209 (1949). 
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VIH. HYDANTOINS, PYRIDONES, PYRROLIDONES, AND 

THIAZOLIDONES 

Compounds in these series are mentioned here only briefly because 
they share with the 5,5-dialkylbarbituric acids the structural segment 
RR'C—CONH— which seems to be the pharmacophoric feature of these 
types and is encountered also in the dialkylacetylureas, -biurets, etc. 
With the exception of Persedon (IX-40) no useful hypnotic has been en¬ 
countered among these compounds. The importance of disubstituted 
hydantoins as anticonvulsants will be discussed in Chapter X. Type for¬ 
mulas of the series in which searches for hypnotics have been made are 
shown here. 
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Thiazolidones 


IX. ALIPHATIC DISULFONES AS HYPNOTICS 

The postulate that a combination of certain chemical and physical 
properties is prerequisite for hypnotic action, and that the most important 
chemical property is a sufficient resistance to in vivo degradation and pre¬ 
mature elimination, has stimulated the search for hypnotics in many dif¬ 
ferent structural series. Although their activity was discovered acci¬ 
dentally by Baumann and Kast in 1888,22 development of the aliphatic 
disulfones R 2 CH(S 02 R )2 could, in retrospect, be traced to this kind of 
reasoning. In the light of our present knowledge, these sulfones do not 
occupy a unique position. The bacteriostatic aromatic sulfones (Chapter 
XXXVI) depress functions of both the parasitic and the host cells, and an 
explanation of the mechanism of their action, based on metabolite an¬ 
tagonism, has been proposed (Chapter XXXII). It may be, therefore, 
that a similar mechanism could be evolved for the hypnosis ’ caused by 
aliphatic sulfones. That they are not general cell depressants is shown by 
their lack of analgetic power. They are slowly absorbed, poorly soluble 
in water, but also slowly excreted giving rise to chronic toxicity symptoms 
manifested even initially by severe depression which persists after ter¬ 
mination of administration. Before the introduction of the barbiturates 
and other less toxic hypnotics in the first decade of this century, three of 

“ Baumann and Kast, Z. physiol. Che/n., 14, 52 (1888). 
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the disulfones (Sulfonal, Trional and Tetronal) were used often but they 
have been almost completely abandoned. 

The narcotic activity of these compounds increases from Sulfonal 
(IX-52) through Trional (IX-53) to the higher homolog Tetronal (IX-54), 

(CH3)2C(S02CH3)2 (CH3)2C(S02C2Hb)2 

(IX-51) (IX-52) 

C2H6C(CH3) (SOaCsHsla (C2H6)2C(S02C2H6)2 

(IX-53) (IX-54) 

the lower tetramethyl homolog (IX-51) being inactive. 

Similar increases are observed in many other series, e.g., the barbit¬ 
urates, where the 5,5-dimethyl derivative also shows no activity. In the 
series of tertiary carbinols, the narcotic activity also rises from (CH 3 ) 2 (C 2 H 6 ) 
COH through (CH3)(C2H5)2C0H to (C 2 n,hCOU. 

Sulfonal has been synthesized by two major routes. Acetone may 
be condensed with ethyl mercaptan, and the thioacetal from this reaction 
can be oxidized with permanganate to the disulfone: 

(CH 3 ) 2 C 0 -f 2 HSC 2 H 5 (CH 3 ) 2 C(SC 2 H 6)2 ^ (CH 3 ) 2 C(S 02 C 2 H 6)2 

(IX-52) 

The second approach makes use of the activating effect of the sulfone 
groups on the enolizable hydrogen atom in ethylidene diethyl sulfone 
(IX-55) which can be carbon-alkylated with methyl iodide in alkaline 
solution. 

CH3CH(S02C2H6)2 CH3C-(S02C2H6)2 

(IX-55) 



(CH3)2C(S02C2H6)2 

(IX-52) 


X. SCOPOLAMINE 

Scopolamine, also called hyoscine (IX-56), combines mydriatic and 
atropine-like properties with a peculiar depressant effect on the central 

CH-CH—CH 2 
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-CH—CH 2 CH 2 OH 

(IX-56) 



HYPNOTICS AND SEDATIVES 


137 


nervous system which produces sleep in extremely small doses of about 
0.007 mg./kg. Because of its low margin of safety it is not used as a 
hypnotic but has found wide application in obstetrical practice to induce 
twilight sleep. It has also been claimed to prevent motion sickness. 
Forensically, it has been, chosen as an ingredient of truth sera since it 
depresses dishonest intellectual resistance to a point where the normal, 
socially responsible functions gain over abnormal psychological impulses. 
A similar effect can also be secured with small non-hypnotic doses of 
Pentothal (lX-22). 



CHAPTER X 


Anticonvulsant Drugs 

I. CONVULSIONS AND EPILEPSY 

Anticonvulsant drugs are compounds which prevent epileptic seizures 
and control convulsions produced by the seizures. 

Epilepsy was regarded throughout the Middle Ages as a manifestation 
of the presence of an evil spirit in the afflicted individual. The best way 
of treatment suggested was to exorcise the evil spirit and thereby urge it 
to abandon the body during the convulsions. Proof of the presence of such 
a spirit was usually associated with the appearance of foam on the mouth 
of the epileptic patient, bleeding, unconsciousness, and various outcries 
during the attacks. 

The introduction of electroencephalograms demonstrated that epileptic 
convulsions are characterized by an excessive discharge of electricity from 
neurons of the cerebral cortex. As with other electrical manifestations in 
any part of the organism, the cerebral neuronal discharges must be caused 
by chemical reactions. The nature of these chemical reactions is unknown. 
Normally the reactions of the brain cells produce electric waves with a 
small amplitude and a rapid rate. Any decrease or increase of cerebral 
chemical activity results in an irregular out-of-phase discharge. If a 
group of neighboring cells which ordinarily may have been slightly different 
from one another begins to discharge at an abnormally slow or fast rhythm 
a mechanism is set in motion which can lead to a convulsion. 

Among the hypotheses concerning the nature of the reaction leading to 
abnormal electric discharges is the assumption that reactions of electrolytes 
which proceed across semipermeable brain cell membranes may become 
abnormal and will produce alterations in the normal potential of the brain 
waves. Abnormal reactions have also been sought in the unusually high 
or low carbon dioxide blood level in various types of seizures, in observed 
changes of the pH of the cortex during convulsions, and in the fact that 
petit mal attacks can be cut short by inhaling carbon dioxide. Over¬ 
ventilation, i.e., excessive use of oxygen by the brain cells, may precipitate 
attacks. In epileptic patients, grand mal seizures have been brought 
about by administration of the extract of the posterior pituitary lobe; on 
the other hand, the tendency for seizures is decreased by a ketogenic diet. 

138 
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Chemicals which can produce convulsions have been sho^vn to cause 
alterations affecting the respiration of tissue slices in the Warburg appara¬ 
tus. Among these are the analeptic drugs, camphor, strj^chnine, and 
picrotoxin. By what mechanisms these drugs produce abnormal dis¬ 
charges of electric brain waves is unknown.^ During the last decade, 
insulin and Metrazol have been used in mental patients requiring shock 
therapy, and the electrical discharges of the convulsions observed during 
this treatment resemble to some extent those of epileptic convulsions as 
sho^vn by their electroencephalogram. The drugs to be discussed in this 
chapter are compounds which counteract epileptic seizures in man, and 
counteract seizures produced by insulin, Metrazol or electric stimulations 
of the cerebral cortex in animals or in man. 

Not all types of epilepsy are characterized by convulsions, and con¬ 
sciousness is not always lost. Even though striking external symptoms 
may not be observable, violent alterations of the electrical discharges can 
be registered encephalographically in all cases. If consciousness is lost and 
a dreamy state ensues, but convulsions are not observed, the attacks are 
known as minor epilepsy or petit mol. With general convulsions and loss 
of consciousness the convulsant seizures are spoken of as major epilepsy or 
grand mat. Localized convulsions which may occur without the loss of 
consciousness are called Jacksonian seizures or cortical epilepsy; psycho¬ 
motor seizures are characterized by certain encephalographic differences. 

Grand mal is characterized by abnormally fast brain waves, petit mat 
by alternately slow and fast waves. Their sequence, caused by improper 
functioning of the mechanism which regulates the rhythm of the brain 
waves, has been called a paroxysmal cerebral dysrhythmia. Details of the 
causes of the dysrhythmias are not yet understood. They may be heredi¬ 
tary, or due to abnormalities of the brain or any other part of the body. 
Epilepsy appears often shortly before puberty, and no statistical differences 
between its incidence in males and females have been noted. Jacksonian 
seizures may occasionally be caused by a scar on the motor cortex of the 
brain but cerebral lesions are not the rule in epileptic patients. Suggestions 
that epilepsy may be caused by allergies, and influenced by antihistaminic 
drugs, have not received much attention. 

Putnam and Merritt* have suggested that the abnormalities leading to 
convulsions may be due to the inability of the brain to utilize a metabolite 
in a normal manner and thereby to maintain normal reactions of these 


‘Toman and Goodman, Physiol. Revs., 28, 409 (1948). Toman and Davis. J Pharma 
^ col. Bxptl. Therap., 97, 425 (1949). 

* Putnam and Merritt, Science, 85, 525 (1937). Merritt and Putnam, Arch Neurol 
Paychtal., 39, 1003 (1938); Epilepsia, 3, 51 (1945). 
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materials. They pointed to the favorable effect of pyruvic acid and glucose 
on convulsions; the latter actually inhibits petit mal attacks. Vice-versa, 
these attacks may be precipitated by hypoglycemia. The question whether 
glucose, pyruvic acid, or perhaps lactic acid are convulsion-preventing 
metabolites is obscured by the effect of acetoacetic acid, a degradation 
product in fat metabolism, which acts in a similar manner as pyruvic acid. 
There are many types of convulsions in children not due to epilepsy. These 
seizures are not relieved by antiepileptic drugs since they may be due to 
gastrointestinal disturbances, infectious irritations, congestion of blood 
in the brain, diseases of the nervous system, rickets and many other condi¬ 
tions. The best treatment for such conditions consists in removing the 
causative irritation. 

II. ASSAY OF ANTICONVULSANT DRUGS 

An antiepileptic drug is assayed by techniques involving both electrical 
and chemical methods. Nevertheless, a drug which does not elevate the 
threshold of some convulsions may still be a good anticonvulsant. Dilan¬ 
tin, for instance, does not raise the threshold of seizures produced by Metra- 
zol, but it is an excellent anticonvulsant used in grand mal and psycho- 
motoric seizures. If it had been assayed only against Metrazol shock its 
usefulness would never have been discovered; its assay is based on its ability 
to raise the experimentally lowered threshold for the minimum seizures and 
to change the pattern of the convulsions caused by electroshock. This 
shows that more assays for anticonvulsants are needed. They should in¬ 
clude modifications of the rhythm of the maximum seizures, a study of any 
elevation of the normal or experimentally lowered threshold for minimum 
electroshock convulsions, and protection against convulsions caused by 
Metrazol. 

The change in the brain-wave pattern caused by maximum electroshock 
is the best laboratory screening test for a new drug. Usually only one 
electric shock needs to be given per animal. This procedure avoids altera¬ 
tions of the wave picture below the convulsive threshold. The maximum 
electroshock and the Metrazol tests together are considered necessary for 
a reliable preliminary screening. Promising drugs with low toxicity may 
then be screened in man, perhaps in volunteer psychiatric non-epileptic pa¬ 
tients who are undergoing electroshock therapy in mental institutions. 

In the laboratory, mice are prepared for the electroshock method by 
oral administration of the drug in solution or in tragacanth suspension. 
Electrodes are placed over the eyes of the animals after one hour and a 
direct current stimulus of one-tenth ampere for one-third second is applied. 
This is three times the current necessary to produce maximum seizures. 

If convulsions caused by Metrazol are to be observed in mice, the drug is 
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administered, and after one hour 100 mg./kg. of Metrazol in water solution 
is injected subcutaneously to start the test. 


III. THE BARBITURATES 


In doses sufficient to produce anesthesia practically all hypnotics 
relieve convulsive attacks. This is true especially in the group of barbi¬ 
turates; phenylethylbarbituric acid (phenobarbital, Luminal, X-1) has 
proved to be one of the most effective anticon\ailsants in non-hypnotic 
doses. Synthesized in 1911, it was introduced by Hauptman^ as an anti- 
■convulsant superior to inorganic bromides. Its advantages are particu¬ 
larly the rapid onset of its action, and its control of severe acute attacks 
of grand mal. In contrast to its usefulness in this form of epilepsy, it 
actually aggravates attacks of cortical epilepsy. The reason for this 
discrepancy may be the character of the electric waves emitted by the 
brain. They are abnormally fast in grand mal and alternately slow and 
fast in petit mal. Phenobarbital slows down brain waves and therefore 
has a therapeutic effect on these two conditions. In Jacksonian seizures 
the waves are unusually slow, and therefore the further slowing down by 
the drug aggravates this condition. 


The anticonvulsant properties of phenobarbital may also be utilized in 
tetanus, cerebral hemorrhage and con\'ulsions caused by drugs, especially 
if they occur during general anesthesia. In experimentally produced con¬ 
vulsions phenobarbital protects against Metrazol shock at low dosages; it 
also offers protection against electroshock but not without the side-effect 
of excitement followed by depression and ataxia. 

The chemical fate of phenobarbital and its biochemical role in inter- 
feiing with a reaction which leads to convulsive symptoms is unknown. 
Although suggested as an explanation of its action,^ it has never been 
proved that the trioxypyrimidine ring of the drug is opened and a degrada¬ 
tion product, perhaps an amide or noncyclic ureide, is the actual carrier of 
anticonvulsant activity. Neither has it been proved that any simple 
aromatic compound, perhaps a derivative of benzoic acid, is formed by 
oxidative breakdown and interferes with some hypothetical abnormal 
conyulsant metabolite. However, a purely chemical study of compounds 
containing non-cyclic fragments of the trioxypyrimidine system of pheno¬ 
barbital has furnished a lead to successful drugs. Suitable dissections of 
he molecule of phenobarbital (X-1) could yield 2-phenyl-butyrylurea 

(X-2) N-methyl-^phe^lbutyramide (X-3), or 2-phenylbutyramide (X- 

4) Ihe ureide (X-2) does not counteract Metrazol induced convulsions 
but it protects the animal completely against electroshock for which 
phenobarbital is only of limited value. 


•Hauptmann, Munch, med. Wochschr., 59, 1907 (1912) 
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\l 

1 
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NH 

CH 
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/ 

CcHs CO 
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(X-2) 


CO 

NHa 

^^+ + (+) 


NH 

C 2 H 6 CO ^CHa 


CeHa 




CII 


(X-3) 

ES{+) 
M 0 


/ 

C 2 H 5 CO 

\l 

CH 

/ 

CsHb 

(X-4) 

ES^-^- 
M 0 


NH 


The discovery of the activity of this ureide has led to the pharmaco¬ 
logical study of many analogous derivatives some of which are shown in 
Table I. While phenobarbital and its 1-methyl derivative Prominal (Me- 
baral, X-5) are among the most widely used drugs in grand mal seizures, 

CHa 

N 

/ \ 

CeHs CO CO 

\l I 

C NH 

/ \ / 

C 2 H 6 CO 

(X-5) 

phenylacetylurea (Phenurone, C 6 H 6 CH 2 CONHCONH 2 ) is now often em¬ 
ployed in the treatment of petit mal as an outcome of these studies.^ 
They have also disclosed that the absence of activity against Metrazol shock 
observed in compounds (X-2,3,4) and many of their analogs does not neces¬ 
sarily exclude usefulness in petit mal; in the same sense, inactivity against 
electroshock must not be taken as an indication that trials against grand 
mal seizures will be fruitless. 

^ Spielman, Geiszler and Close, J. Am. Chem. Soc., 70, 4189 (1948). Davidson and 
Lennox, Dis. Nerv. System, 11, 167 (1950). 

® Some of the data were announced by Spielman, and by Long, Abstracts, First 
National Medicinal Symposium, American Chemical Society, Ann Arbor, 1948. 



TABLE I. Anticonvulsant Activity of Experimental Drugs^ 


Compound 


Formula 


BS 


M 


Acetophenone 
Acetophenone oxime 

Propiophenone 

Butyrophenone 

Valeropheuone 

Isovalerophenone 

Benzylmethyl ketone 
Benzylmethyl ketoxime 
Dibenzyl ketone 
Benzophenone 
Diethyl ketone 
Paraldehyde 


Ethyl phenyl sulfide 
Ethyl phenyl sulfoxide 
Ethyl phenyl sulfone 


(a) Ketones and Ketone Derivatives 
CeHsCOCHj 

C 6 H 6 C=N 0 H(CH 8 ) (probably hydro¬ 
lyzed to ketone) 

C^HsCOCsHs 
C6H,C0(CH2)2CH3 
C6H6C0(CH2)3CH3 

C 6 H 6 COCH 2 CH(CHj )2 (most active 
ketone) 

CeHsCHjCOCHj 
C*H8CH2C(CH3)=N0H 
(CeH^ChDiCO 
C»H 6 ) 2 C 0 

C 2 H 5 ) 2 C 0 (large doses) 

CH 3 CH 0)3 (large doses) 

(b) Sulfides, Sulfoxides, Sulfones 


Propyl phenyl 
sulfoxide 

Propyl phenyl sulfone 
Isopropyl phenyl sulfone 
Bi8-(4-aminophenyl) 
sulfone 

4-Aminophenyl.2-amiuo- H 2 NC 6 II 4 SO 2 
5-thiazolyl sulfone 


C 3 H 5 SC 2 H 4 
C 6 H 5 SOC 2 H 3 

C 6 H 5 SO 2 C 2 H 5 (tested clinically; con¬ 
vulsions recur) 

CaifiSOCsH: 


CjHsSOaCaHT 

C6H3S02CH(CH,)2 

(H2NC6H4)2S02 


(Ti 


NH 


Phenacctylurea 

(Phenurone) 

2-Phenylnropionylurea 

2-Phenylbutyrylurea 


(c) Ureides 

C 6 H 6 CH 2 CONHCONH 2 (effective in all 
3 types of seizures 

C6H6CH(CIIa)3CONHCONH2 
C,H 3 CH(C 2 Hs)CONHCONH 2 (least 
o r>. , , , toxic, most active in grand mall 

2-Phenyl-4-pentenoylurcaC6H3Cri(CH2CH=«CH2)CONHCONIL 

Isovalery urea (CH,) 2 CHCH 2 CONHCONH 2 

i (CH3)3CC0NHC0NH2 

2-Ethylbutyrylurea (C2H3)2CHCONHCONH2 

(ch3)2(C2H3)cconhconh. 

A*. M.f. M Tfl _Q l-k /^TT T / y^TT \ w 


2-Ethyl-3-methyl- 
butyrylurea 

Isopropyl Carbamate 
icri-Butylcarbamate 
Phenylurethane 
(i > l"Dimcthyl-)propyl 
allophanate 
(1-Methvl-l-ethyl). 

propyl allophanate 
l-Phenylpropyl 
allophanate 

Phenylsemicarbazide 
Phenylpropionamide 
Phenylglycol 
Diphenyfacetic acid 


CII,CH(CH3)CH(C2H6)C0NHC0NH; 

(d) Carbamates and Allophanates 

{CH^)^CHOCOmu 

(CHalaCOCONHj 

CbHjOCONHj 

(CH3)2C(C2H6)0C0NHC0NH2 

(C2HB)2C(CHa)OCONHCONHa 

C2H6CH(CeH6)OCONHCONH, 

Miscellaneous Compounds 

CbHbNHCONHNHj 

CeHsCHjCHjCONHj 

CeHBCHOHCHaOH 

(CeH6)2CHCOOH 


+ (+) 
+ (+) 

+ (+) 
+ (+) 
+ (+) 
+ +(+) 

+ + 

+ (+) 
+ (+) 
+ 

+ (+) 
+ (+) 

+ (+) 
+ (+) 
+ +(+) 

+ (+) 

+ (+) 
+ (+) 
+ (+) 

+ + 


+ +(+) +(+) 


+ +(+) 
+ +(+) 

+ (+) 
+ (+) 
+ (+) 
+ (+) 
+ (+) 
+ (+) 


+ (+) 
+ (+) 
(+) 
+ (+) 

+ (+) 

+ (+) 


+ > 
(+) 
(+) 
(+) 


+ +(+) 
+ (+) 
+ (+) 
+ (+) 
+ (+) 
+ +(+) 


+ (+) 
+ (+) 

+ (+) 

+ (+) 

+ (+) 
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Table I lists a selection of drugs which have been found to inhibit 
convulsions in laboratory animals. ES signifies electroshock, M Metrazol 
shock. For tests using the electroshock method, one + signifies that the 
drug prevents convulsions when the animal is stimulated with no more 
than 2.5 to 3 times the electrical current necessary to transgress the normal 
convulsive threshold. Two plus signs mean a stimulation with a minimum 
of 50 milliamperes. 

Complete protection from shock without toxic symptoms from the 
drug is expressed by + + (+), protection with some toxic symptoms by the 
symbol +(+). Partial protection is designated by (+). 

The scanty correlation of structure and activity which can be observed 
among these compounds has not provided adequate guidance for further 
syntheses. 

IV. THE HYDANTOINS 

1. Derivatives and Their Functions 

Related to the barbiturates are the 5,5-disubstituted hydantoins which 
may be regarded as glycolylureides. One of the earliest hydantoins to be 
tried as a sedative and anticonvulsant was the analog of phenobarbital, 
phenylethylhydantoin (X-C, nirvanol).® It was found to be active in 
various types of convulsions, particularly in chorea or Saint Vitus s dance 
in children who exhibit symptoms of irregular spasmotic involuntary 
movements of the limbs and facial muscles. However, the drug is no longer 
considered safe for the treatment of this disorder because of its toxicity. 

NH 

/ \ 

CO CO 

C6 Hb—C-NH 

2H6 

(X-6) 

In 1938, Merritt and Putnam* found in a systematic study of hydan¬ 
toins that the sodium salt of diphenyl hydantoin (Dilantin, X-7) had the 
gi-eatest anticonvulsant activity combined with the lowest depressant effec 
of the many drugs they investigated. Their experiments were earned out 
on cats, and the drugs were tested against electroshock. Dilantin has 
been widely used in the control of grand mal and psychomotoric seizures 
since the discovery of its action. It seems to be selective m depressing 

» Heyden, German Pats. 309,508; 310,426; 310 , 427 ; 335,994^(1914). 



N.Na+ 

/ \ 

CO CO 


CeH 


-i- 

(X-7) 


-NH 
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TABLE II, Anticonvulsant Properties op 6,5'-Disubstituted Hydantoins® 


R' 


NH 

/ \ 

CO CO 


NH 


R 


R 

C«Hb 

C,H6 

C»H6 

C,H5 

C,H5 

CeHi 

CeHs 

CeH, 

Cell* 

C,H5 

C*Hs 

CbHs 

C,H 5 

C5H5 

C ell e 

Of"CjoH7 

a-CioH7 

Of-CioIlT 

Qr-CioH7 

CJIs 

CeHs 

CeH, 

Cells 

Cells 

2-Thienyl 

Cells 


R' 

—CH3 

—CzHs (Nirvanol) 

—(CH2)2CH, 

—CHCCIDj 
—CHjCHCCHa)* 

—cyclobutyl 
CeHsCHj- 

—CH2OCH, 

—CHjOCjHs 
—CHjOCIKCHa)^ 

—CHjOCeH, 

—CH20C(CH3), 

—CHjSCH, 

—CH2SCH2CH(CIl3)2 
—CII2SO2CH2CH (CHa)* 

—CHa 
—CaHs 

—CHaCHjCHa 
— (CH2)aCHa 
—Cells (Dilantin) 

2- Pyridyl- 

3- Pyridyl- 
8 -Quinolyl- 

2-Thienyl- (Thyphentoin) 
2-Thienyl. 

R'~C2H5,N‘-CHa (Mesantoin) 


BS 

+ (+) 
+ (+) 
+ (+) 
+ (+) 
+ (+) 
+ (+) 
+ (+) 
+ 

+ (+) 

+ (+) 

+ (+) 

+ (+) 

0 

+ (+) 

+ (+) 

+ (+) 

+ (+) 

+ (+) 
-{-(+) 
++(+) 
++ 

+ + 

+ (+) 

+ +(+) 
4- + {+) 

+ +(+) 


the motor cortex rvithout producing sleep in therapeutic doses. The 
threshold of cortical excitability is raised 100 to 300% without hypnotic 
and toxic side-effecte while a similar rise produced by phenobarbHal is 
always accompanied by sleep. Whereas Dilantin does not necessarily 
mprove the encephalogram of epileptic patients suffering from petit maf 
it prevents such seizures in these individuals. * ’ 

The lower homolog of nirvanol, 5-methyl-5-phenylhydantoin (X-8) 
very frequently causes a skin rash as its most characteristic toxic side-effect 
This symptom is not exhibited by its dextrorotatory form, which Snte to 
the importance of sterical configuration in this series. The opticri resolu- 
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tion of the racemic mixture can be carried out by hydrolyzing the hydantoin 
ring to a-phenylalanine (X-9), resolving this amino acid, and re-closing 
the hydantoin nucleus by condensation ^vith urea. 


NH 


/ 

.\ 

CH3 CO 

CO 

\l 

1 

c- 

-NH 

/ 


CeHfi 



(X-8) 


CHa COOH 

\l 

C—NHa 
(X-9) 


resolve, 


then 

(HiN)8CO 


NH 

/ \ 

CHa CO CO 

\l I 

C-NH 

/ 

CeHa 

d-(X-8) 


Some of the hydantoins tested in systematic studies of these compounds 
are listed in Table II. Activities are expressed by the same symbols used 
in Table I. Many other derivatives in which oxygen heterocycles are 
attached to position 5, or spirane type groups occupy both valences at this 
position, have been found inactive. 


2. Synthetic Methods 


The synthesis of 5,5'-disubstituted hydantoin derivatives (X-10) is 
carried out most conveniently by the method of Bucherer.’ The ketone 
or its bisulfite addition product is heated with an alcohol solution of potas¬ 
sium cyanide and ammonium carbonate, the latter furnishing the ammonia 
and carbon dioxide required by the reaction: 


RR'CO 


RR'C(OH)CN 

NHa 

-> RR'C^ NH2 

\ / 

CO 


NH 2 

RR'O^ 

^CN 

NH 

1C0,1_^ RR'C^ ^CO 

io-l!fH 

(X-10) 


vBueherer and Steiner. J. prakt. Chan., 140, 291 (1934), Compare Bergs, Germ 
Pat. 566,094; Henze and Long, J. Am. Chem. Soc., 63, 1936 (1941;. 
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As expressed by this scheme, the cyanohydrins are essential inter¬ 
mediates in this s 3 Tithesis. It has been found that ketones incapable of 
cyanohydrin formation also do not furnish hydantoins by this reaction. 

Modifications of the Bucherer approach make use of ethyl chlorocar- 
bonate, phosgene or oxalyl chloride as sources of the elements of CO 2 
for the final ring closure. 

Under the influence of alkaline solutions of hypobromites, dialkyl- 
cyanoacetamides (X-11) are transformed via the corresponding malon- 
amides (X-12), to isocyanates which isomerize to 5,5-dialkylhydantoins. 


CN 

CO 


/ 

y \ 


RR'C 

-> RR'C NH 2 


\ 

\ 


CONH 2 

CONH 2 


(X-11) 

(X-12) 



CO 

CO 


X \ 

/ \ 


-» RR'C NH 2 - 

—^ RR'C NH 


\ 

\ 1 


II 

0 

C 

NH—CO 


(X-10) 

5,5'-Diarylhydantoins can be prepared also by condensing benzil with 
urea, and rearranging the intermediate pinacol (X-13). Hydantoins 


Celle CO 

I + 

CeHeCO 



(X-13) 


OH 

CeHeC—NH 

\ 

CO 

CeHsC—NH^ 

I 

OH 

(CaH5)2C-NH 

\ 

-> CO 

CO—NH^ 


mono- or unsubstituted in position 5 are obtainable 

tions. These syntheses, their mechanism and their 
Viewed recently,® 


by a variety of reac- 
scope have been re- 


^liffenau, Tchoubar, and Saislambert, 
Chem. Revs., 46, 403 (1950). 


Bull. soc. chim. France, 1947, 445 


Ware, 
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A high degree of inhibition of variously induced convulsions is attained 
in 1-alkyl substituted 5-phenylhydantoins (X-14) in which the alkyl group 
contains two to four carbon atoms.^ Such compounds are prepared ad¬ 
vantageously by converting benzaldehyde to the corresponding amino 
nitrile (X-15) which is then cyclized to the hydantoin with cyanic, and 
concentrated hydrochloric acid. Direct alkylation of 5-phenylhydantoins 
cannot be employed because the first alkyl group enters the ring at the 3- 
position. The propyl and allyl derivatives have received special attention. 

CN CO-NH 

C6H,CH — C8H5CH 

NHR 

R 

(X-15) (X-14) 

V. OXAZOLIDINEDIONES 

As mentioned in the discussion of hypnotics, ring systems related to 
barbituric acid in general character and molecular shape are often suitable 
as parent stems of compounds with similar hypnotic activity. In the series 
of anticonvulsants, an analogous relationship holds between 5,5-disub- 
stituted hydantoins and derivatives of comparable five-membered hetero¬ 
cyclic systems. The size and character of the substituents in the clinically 
most valuable derivatives is considerably at variance with that of the most 
useful hydantoins, and seems to be conditioned by the general properties 
of the ring. The most pronounced anticonvulsant activity in this type of 
compounds has been found among 3,5,5-trialkyloxazolidine-2,4-diones 
(X-16) which were first tested as hypnotics.*® The most promising deriva- 

R O 

^CO (X-16) 

R'^CO-NR" 

tive (Tridione, X-17) also possesses analgetic potency in the aspirin or 
aminopyrine range and is distinguished by its low toxicity.*'- *^ 

® Long, Miller, and Troutman, J. Am. Chem. Soc., 70, 900 (1948). 

Erlenmeyer, Helv. Chim. Acta, 21, 1013 (1938). 

Spielman, J. Am. Chem. Soc., 66, 1244 (1944). 

« Everett and Richards, J. Pharmacol. Exptl. Therap., 81, 402 (1944). Lennox, 

J. Am. Med. Assoc., 129, 1069 (1945). Perlstein and Andelman, J. Pedtat., zy, 

20 (1946). 
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The synthesis of these compounds has been studied by Stoughton'^ 
and by Spielman.“ One of the methods involves the condensation of esters 
of glycolic acids with urea, followed by N-alkylation with alkyl sulfates. 

R OH 

\ / CONH 2 

C + I 

/ \ NHa 

R' COOEt 


R 0 R O 

RaOEt ^ C ^CO ^CO 

/II /II 

R' CO-NH R' CO-NR" 

(X-16) 


The most active of these compounds are the 3,5,5-trimethyl derivative 
(Tridione, X-17), the 3,5-dimethyl-5-ethyl derivative (Paradione, X-18), 
and 3-methyl-5,5-dipropyl-2,4-oxazolidinedione (Propazone, X-19). The 
first two compounds are both highly effective against Metrazol shock, and 
have slight activity against electroshock. They have been introduced as 
valuable drugs for the clinical treatment of petit mal. Tridione resembles 
the barbiturates and bromides in producing sedation at anticonvulsant 
dosages. Propazone has been found to inhibit only Metrazol type con¬ 
vulsions. 


O 

(CH3)2C^ ^CO 

io -NCHa 

(X-17) 


C 2 H 6 O 


CH 3 


\ / \ 

C CO 

/I I 

CO- NCH 3 

(X-18) 


o 

(C3H7)2C'^ ^CO 

CO- NCH 3 

(X-19) 


5,5-Diphenyl- and 5,5-dipropyloxazolidinedione-2,4 have shown good 
activity against experimental electroshock in rats. Replacement of the 
heterocyclic oxygen atom by sulfur (X-20) or nitrogen (X- 21 ) leads to 
inactive compounds. A disubstituted quinolone, 2,4-dioxo-3-methyl-3- 


S 

(CH3)2C'^ ^co 

io- 


H 

N 

(CH3)2C^ \o 


H O 
CH: 


NCH 




O-NCH 3 


(X-20) (X-21) 

** Stoughton, J. Am. Chem. Soc., 63, 2376 (1941). 



CH 2 CH=CH. 
(X-22) 
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allyl-l,2,3,4-tetrahydroquinolme (X-22), has been recommended as an 
effective antispasmodic in epilepsy.^^ 


VI. A STRUCTURE-ACTION HYPOTHESIS 


It must be regarded as more than a coincidence that so many drugs 
acting as depressants of nervous structures should have chemical formulas 
which are distinguished by structural and configurational similarities. An 
inspection of the formulas pictured below cannot help but emphasize this 
thought. A somewhat crude explanation may be construed on the basis of 
the similarities of molecular shapes and sizes of these drugs. A more de¬ 
tailed account of this interpretation will be found in a similar comparison 
of cholinergic compounds (Chapter XXI). 


Cells 


CO—NH 


C' 

/ \ 

R CO—NH 


CO 


Barbiturates (hypnotics, 
anticonvulsants) 


CeHe CO—NH 

\o 

/ / 

R NH 2 

Ureides (anticonvulsants) 


R 

CeHs C 

\ \ 
c o 

CeHs^CHj NRi CsHs 

\ / 

CHR 


CeHs CO—O 

\ / \ 

CH CH, 

R 2 N—CH 2 


Amino ketones (e.g., 
Methadon, analgetics) 


Antispasmodics 


CeHe X—CH 2 

\ / \ 

CH CH 2 

/ / 

CeHs R 2 N 

Antihistaminics 
(X = O, NH. CH 2 ) 


VII. OTHER ANTICONVULSANTS 

Anticonvulsant activity has been observed in several types of simple 
compounds, and although they have been used only experimentaUy m 
animals and a few isolated clinical trials, they may provide useful leads lor 

further work. 

1 * Hoffmann-La Roche and Co., Swiss Pat. 216,826 (1941); Chem. Abstr., 42, 6382g 
(1948). 
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Alcohols and glycols have been found to possess anticonvulsant prop¬ 
erties. Isopropyl alcohol has been claimed to be the most favorable anti¬ 
convulsant in animals,^® and 2,2-diethyl-l ,3-propanediol has proved equal 
to phenobarbital in Metrazol shock.*® Analeptic phenethylamines such 
as Benzedrine and Dexedrine are fairly effective in petit mal.*’ 

The bromide ion possesses certain antiepileptic properties. Bromine 
in organic linkage as found in many simple organic bromo compounds is 
physiologically inert. The pharmacological action of bromides is one of 
central depression which leads from slight sedation to deeper depression 
and finally to coma as the doses are increased. 

Most tissues except nervous tissue cannot distinguish between bromide 
and chloride ions and are consequently not influenced by bromides. It has 
been suggested that bromides can displace chlorides but depletion of chlor¬ 
ides in nervous tissue does not cause central depression; bromides thus must 
have an effect of their own. 

Whereas bromides can cancel out the convulsant effects of chemical 
or of electrical stimulation of the motor cortex, they are not depressant to 
this organ in contrast to other anticonvulsants, especially Dilantin. They 
elevate the convulsant threshold in electrically stimulated brains only 
about 50% in doses which cause definite hypnosis. Their action is slow in 
starting but, on the other hand, lasts unusually long in grand mal. For 
petit mal and chemically produced convulsions, bromides are useless.^ 

In connection with antiepileptic drugs, studies with malononitrile, 
NCCH 2 CN, should be mentioned. This compound has sho^vn promise in 
the treatment of psychiatric disorders.** 

Chu, Driver, and Hanzlik, J. Pharmacol. Exptl. Therap., 92, 291 (1948). 

Berger, Proc. Soc. Exptl. Biol. Med., 71, 270 (1949). 

Livingston, Kajdi, and Bridge, J. Pedial., 32, 490 (1948). 

*» Ilartelius, Am. J. Psychiatry, 107, 95 (1950). 



CHAPTER XI 


Analgetics 

I. PAIN AND RELIEF FROM PAIN 

Relief from pain by the use of drugs has been one of the oldest and 
most widely studied problems of medical art and science. Pain is the first 
, manifestation of injury to tissues and the onset or the result of disease. 
It therefore is one of the most feared physiological reactions in animals and 
in man. Pain was considered as a feeling state until the end of the 19th 
century when it was realized that certain structures of the brain and the 
nervous system can give rise to the specific sensation of pain only. Never¬ 
theless, the intimate connection with psychological reaction patterns makes 
it impossible to separate these factors in an analysis of pain experience. 

In man, the most common manifestations of pain are headache, vis¬ 
ceral pains, cardiac pain, neuralgia, pressure pains, root pains, pains 
caused by chronic arthritis and by dysmenorrhea or labor, muscle pains, 
toxic and traumatic pains. An excellent discussion of the nature of pain, 
its physiology, origin, conductance and reception has been published by 
Wolff and Hardy.^ 

Analgesia is the state of raising the threshold of pain. It may be 
brought about by drugs which, by tradition, are called analgesics. The 
grammatically more accurate term analgetic will be used in this Volume. 

The pain threshold may be defined as the lowest perceptible intensity 
of pain, and is induced by a stimulus. The latter may serve as a measure 
of the variations of the pain threshold. If more stimulus is required the 
threshold of pain is said to be raised. If less stimulus is needed the pain 
threshold is said to be lowered. 

Pain can be evoked by many different methods such as mechanical, 
chemical, thermal and electrical stimuli, and the only reliable measurements 
of variations in the threshold of pain consist in the verbal report of an 
individual exposed to a pain stimulus and instructed to describe his reac¬ 
tion. Since it is impossible to apply this method to laboratory animals no 
method of measuring a rise of the threshold of pain in animals can be de¬ 
pended upon fully. One has to rely on the twitching of muscles, the blmk- 
ing of eyelids, the withdrawal of certain portions of the body from the 

* Wolff and Hardy, Physiol. Revs., 27, 167 (1947). 
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region of the pain stimulus, or on an outcry of the animal. Even in a 
series of ten or twenty laboratory animals which show an average suscepti¬ 
bility to a certain test, only an approximate figure of the increase of the pain 
threshold can be obtained. Moreover, the sensitivity to one and the same 
stimulus varies from animal to animal, and the same animal will he unable 
to discriminate between small differences in the intensity of painful stimuli 
at different occasions. The methods of measuring analgesia deserve a brief 
discussion because they shed some light on the difficulties of the pharmaco¬ 
logical evaluation of analgetic drugs. 


II. TESTS FOR ANALGETIC DRUGS 


Hesse^ created pain in the perineal area of mice, or a pressure area in 
guinea pigs by injection of the irritating croton oil, and used the reaction 
of the animals as a criterion of pain sensitivity. Not all analgetic drugs 
respond to these tests. Electric stimulation of the upper incisor of rabbits® 
produces toothache which can be counteracted by oral administration of 
certain drugs. Only the most potent analgetics such as morphine raise the 
pain threshold when pain is evoked in rats by an electric current in a cage 
with a wire bottom.'* Electric shock is used also to induce pain in the 
scrotum of rats; the voltage required to cause the animal to squeal is sur¬ 
prisingly constant.® In monkeys, pain elicited by an electric current has 
to be measured by noting a sudden sharp intake of a deep breath.® 

More widely used is the method of Edtly.’^ It consists of measuring the 
amount of pressure which will evoke a response when applied to the terminal 
two inches of a cat’s tail. Depending upon the weight and size of the cat, 
from three to fourteen kilograms of pressure is required. Powerful anal¬ 
getics such as morphine may raise the threshold to fifty or sixty kilograms. 
The minimum dose of a drug necessary to show analgesia is taken as a 
measure of its potency, but as shown in Table I it is not closely related to 

the initial pressure required to cause a pain reaction in a given series of 
cats. (See Table I, page 154.) 

The advantage of a similar test in mice lies in the large number of 
amrnak, and the low cost of the small doses that may be used,* but the 
method is said to be not as accurate as that of Eddy’s. 


* Hesse, Arch, exptl. Path. PhannakoL, 158, 233 (1930) 

Pf^^rmacodynamie, 52, 142 (1936). 

* SmUh ’ J Ph ® ' *^' ^s«oc., 29, 193 (1940) 

7 Tkerap., 62, 467 (1938). 

Lddy, J. Pharmacol. Exptl. Therap., 45, 343 (1932). 

Mohtor and Latven, Aneathesia & Analgesia, 16, 127 ( 1937 ). 
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In the method of d’Amour and Smith® a strong light is focussed on the 
tip of a rat’s tail. Pain is indicated by a sudden typical switching of that 
extremity. A similar procedure has been applied by Hardy, Wolff and 
Goodelh® in clinical tests for analgesia by focussing the rays of a strong 
light on the blackened forehead of a test individual. The pain threshold 
in a large group of patients of different ages and both sexes has been shown 
to deviate less than one per cent.“ Similar results have been obtained by 
Ercoli and Lewis^^ a radiation method adapted to screening a large num¬ 
ber of analgetics in rats. 


Initial Pressure, Kg. 

3.0. 

3.0. 

3.5. 

3.5. 

5.0. 

7.0. 

7.0. 


TABLE I 

After One Hour, Kg. 

. 6.0 

. 7.0 

. 3.5 

. 6.5 

. 9.0 

. 7.0 

.11.0 


A synopsis of current thought concerning algisimetric methods has 
been presented in a recent monograph.^’ In addition to the methods recom¬ 
mended in those articles, further proposals'^*' include using contact with an 
electrically heated wire on the forehead, making the arm ischemic by an 
inflated cuff, and a method for evaluating analgetics of the anti-arthralgic 
type in laboratory animals. 

The uncertainties of pain conductance, pain blocking and pain recep¬ 
tion in the various parts of the nervous system have led to the impression 
that no compound could be exclusively analgetic, but would invariably 
exert one or several side effects. Many drugs used as analgetics induce 
sleep or stupor and may act as hypnotics or as narcotics. It is probable 
that these compounds (the opiates, Demerol, methadon etc.) do not actu¬ 
ally block pain conductance but modify reaction of the individual to the 

* d’Amour and Smith, J. Pharmacol. Exptl. Therap., 72, 74 (1941). Compare also 
Gross, Helv. Physiol, et Pharmacol. Acta, 5 (3), C31 (1947). 
to Hardy, Wolff, and Goodell, /. Clin. Invest., 19, 649, 659 (1940); 26, 1152 (1947). 
tt Chapman and Jones, J. Clin. Invest., 23, 81 (1944). Shumacher, Goodell, Hardy, 
and Wolff, Nature, 92, 110 (1940). 

t® Ercoli and Lewis, J. Pharmacol. Exptl. Therap., 84, 301 (1945). r v a ^ 

to Pfeiffer et al., and L. C. Miller, in “Newer Synthetic Analgesics,” Ann. N. Y. Acad. 

Set., 51, 21, 34 (1948). , „ , 

Lee, Williams, and Pfeiffer, Federation Proc., 8, 314 (1949). Hewer and Kee e, 
Lancet, 2, 683 (1948). La Belle and Tislow, Ahetracts, Indianapolis Meeting, 

Am. Soc. Pharmacol. Exp. Therapy, 1949, p. 59. 
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pain by producing a superimposed feeling of well-being (euphoria); the 
pain persists but becomes a matter of indifference to the afflicted animal or 
patient. In addition to producing euphoria, some of these compounds 
are also potent antispasmodics. 

Other analgetics have the ability of lowering the body temperature in 
fever, and are classifiable as antipyretics. It has been claimed that this 
is due to some overlapping of neural structures controlling maintenance of 
temperature and pain i*eception in the central organs, but some neurologists 
feel there is probably no such relation. 

The most effective analgetics discovered so far possess uniformly a 
stimulating effect which is observable prior to relief from pain. This 
undesirable central stimulation may take the course of a defense i-eaction 
against depression but it may also induce euphoria (well feeling) and thereby 
lead to a desire to repeat this effect by successive administrations of the 
drug, if necessary in increased doses. From a medicinal point of view, 
euphoria is desirable if the patient is to be put in a calm and unapprehensive 
state of mind, particularly in preparation for surgery. It is thought of as 
an objectionable side action of analgetics if the patient becomes habituated 
or addicted to the drug and, at least in the case of morphine and its struc¬ 
tural analogs, may not be able' to break this dependence without very serious 
withdrawal symptoms. 

The analgetics are cell depressants and frequently alter nervous func¬ 
tions whose physiological course should not be affected. The inhibition 
of peristalsis by morphine and the stimulation of respiration by heroin are 
examples of such effects. If a beneficial side action becomes preponderant, 
as the action of codeine on the cough reflex, it may be useful in medical 
practice. But on the whole, the search for an ideal analgetic has as its 
aim the production of a compound which raises the pain threshold through 
a central mechanism, and exhibits no other activity. 

The difficulty of evaluating analgetic activity is expressed also in the 
inaccuracy or lack of information contained in most of the older publica¬ 
tions on this subject. It is more the rule than the exception that a large 
number of compounds has been prepared for the purpose of analgetic testing 
and, if the activity is given at all, it is only mentioned that the compound 
has been found to be active, moderately active, very active, almost inactive 
etc If the compound has been found to be virtually inactive, a repetition 
ol the experment may seem useless, but many valuable drugs which when 
administered under controlled conditions may show up favorably in the 
more modern tests have probably been discarded in the older literature. 
In the Tables incorporated m this chapter, plus and minus signs have been 
used to cope with some of these statements. For moderately active com- 



TABLE II. Activity of Some Analgetics 
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pounds one plus sign is shown. Two plus signs stand for great or excellent 
activity, while a minus sign may mean virtually no activity, or no activity 
at all. The difference of evaluation resulting from various testing methods 
is illustrated in Table II. The test procedures of jNIacht^ and of Eddy^ 
determine the amount of drug required to raise the pain threshold by a very 
slight amount. If as in Hesse’s method- the dose required to overcome a 
very painful stimulus is measured, a much larger dose will be required than 
in the previous tests. Total analgesia, that means complete freedom from 
pain even under attenuating conditions, is measured in the method of 
d’Amour and Smith® and, conseqiiently, this method is a much more 
stringent one. 


III. MORPHINE AND THE OPIATES 
1. Opium Alkaloids 

Opium is the sun-dried latex from the unripe fruit of Papaver somnif- 
erum, twenty per cent of which consists of alkaloids. Because of the 
supreme pain-relieving action of some of these alkaloids and their deriva¬ 
tives (the opiates), the production of opium is very large; unfortunately, the 
euphoric action of opium and some opiates channels an undue percentage of 
this production into the illegal narcotic trade. 

The opium poppy is cultivated in China, Persia, India, Egypt and 
particularly in Asia-Minor. ,The gummy, dark exudate of the sun-dried 
capsules is powdered, deodorized and processed into the so-called officinal 
powdered or granular opium, Opium contains approximately twenty- 
three alkaloids besides gums, sugars, organic acids, resins, proteins and 
other materials. ^A mixture of the purified total alkaloids is widely used by 
physicians because of the possibility of getting the overall pharmacological 
effect of opium from these substances rather than the effect of one individual 
component. One preparation of the total alkaloids of opium in the form 
of their hydrochlorides has become known as Pantopon. 

There are two different principal types of opium alkaloids, those con¬ 
taining the phenanthrene nucleus including morphine, codeine and thebaine 
which act primarily on the central nervous system and produce depressant 
and stimulating effects as well as contraction of the smooth muscles, and 
the other type, derivatives of 1-benzylisoquinoline. The best known 
representatives of this group are narcotine and papaverine which have 
ittle action on the central nervous system.' Papaverine, however, has 
been used extensively to relieve spasms of smooth muscles (see Chapter 
^The most important opium alkaloids and their structural form- 

n morphine (XI-1; 9%); codeine (XI-2; 

0.3%), thebaine (XI-3; 0.4%); narcotine (XI-4; 5%); papaverine (XI-5- 
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0.8%); laudanine (XI-6; 0.01%); cryptopine (XI-7; 0.08%); protopine 
(XI-8, 0.003%); narceine (Xl-9; 0.2%). The percentage figures refer to 
the average amounts of the bases occurring in opi um . 

TABLE III. The Principal Opium Alkaloids 


CH,N-CH, CH,N-CH, 
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(XI-8) 




(XI-9) 


(Following the discovery of the analgetic activity of the mam opiurn 
alkaloid, morphine, not only its pleasurable euphoric effect but also other 
medically undesirable side-actions became known. They are briefly, mam- 
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festations on the respiratory and circulatory systems, the gastro-intestinal 
tract, emetic and general depressant symptoms. The latter, induction of 
stupor and deep sleep, may be auxiliary rather than objectionable to anal¬ 
gesia in the case of opiates. While these side-actions may be overlooked 
in view of the excellent analgetic effect of morphine, the most serious 
drawback of its administration is still its addiction liability 

2. Structural Variations 



As soon as the relation of the less strongly addicting and analgetic 
alkaloid codeine (XI-2) to morphine was recognized it became apparent that 
not only the pharmacologically desirable properties of morphine, but also 
the development of dependence after prolonged administration seems to be 
related to the presence of certain peripheral groups of the morphine skeleton 
which might well be modified by chemical processes. This hope, together 
with the desire to eliminate other undesirable side-actions of the alkaloid 
have prompted generations of chemists to synthesize derivatives of mor¬ 
phine which would have only its desirable pharmacological effects. In 
addition, these compounds should have a lower toxicity since morphine 
does not show an aU-too great margin of safety, its therapeutic index in 
adults being about 1:6. t - ; 

The difficulties attending these researches are demonstrated by the 
fact that replacement of the N-methyl group of morphine by N-allyl 
produces an excellent morphine antagonist. 



(XM) 



(XI-11) 


(XI-10) 


CH,N-CH: 



(XM3) 



(XI-12; 
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a. Dilaudid, Dicodid, Eucodal 

^^Early modifications of the morphine molecule included diacetyl mor¬ 
phine (heroin, XI-10) which shows a considerably higher analgetic action 
than the parent compound, but its euphoric and respiratory effects are so 
prominent that it has fallen in disrepute. Dihydromorphinone (Dilaudid, 
XI-11) prepared by catalytic rearrangement of morphine,as well as its 
methyl ether, dihydrocodeinone (Dicodid, XI-12) prepared by a similar 
rearrangement of codeine or by hydrolysis of dihydrothebaine (XI-13), 
the methyl enolate of dihydrocodeinone,^^ have been used successfully as 
substitutes for morphine. ) 

In the study of the series culminating in the introduction of Dilaudid 
and Dicodid it was observed that the morphine derivatives ^vith the most 
useful range of activity contain a free phenolic hydroxyl group in position 
3. Exceptions to this rule are Acedicon (acetyldemethyldihydrothebaine, 
XI-14) and eucodal (dihydrohydroxycodeinone, XI-15) both of which 

CHjN-CH, 


(XI-14) (XM5) 

carry a methoxyl group in the 3-position. Here it may be assumed that the 
natural balance of basic and acidic groups ordinarily expressed in the pheno¬ 
lic hydroxyl of the active compounds is present in the additional hydroxyl 
group in position 14 in eucodal or the enolic ester group in position 6 in 
Acedicon. The significance of certain side-effects may be illustrated by the 
use of Dicodid as an antitussive drug for the relief from cough. 

Soluble esters of dihydromorphine have been described recently.^® 
Glycyl dihydromorphine, and 0-acetyl-L-tyrosyl dihydromorphine com¬ 
bine with greater solubility a higher analgetic potency than morphine. 
They are, however, no less toxic that dihydromorphine. 

b. The Work of Small, and Eddy 

A concerted effort by a large team of scientists to obtain a derivative 
of morphine which might lack especially its addiction liability was made in 
the United States in the decade of 1930 to 1940 under the auspices of the 

Knoll and Co., Germ. Pats. 365,683; 380,919; 607,931; 617,283; 623,821. 

Freund, Speyer, and Guttmann, Ber., 53, 2250 (1920). 

Karrer and Heynemann, Helv. Chim. Acta, 31, 398 (1948). 
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Committee on Drug Addiction of the National Research Council. Largely 
through the work of Small and of Eddy approximately 125 morphine deriva¬ 
tives were synthesized and tested for analgetic and other pharraocological 
properties. Toxicity in mice, convulsant action in mice, general depressant 
effects in rats, analgesia in cats, exciting effects in cats, emetic action in 
cats, and respiratory effects in rabbits were compared. In many cases 
other phenomena such as the action on the gastro-intestinal tract were also 
studied. 

The results of this vast experimental work have been summarized in a 
monograph.i^ The general conclusions were that muzzling of the phenolic 
hydroxyl group in morphine or any related compound by etherification or 
by esterification almost always increases convulsant action and decreases all 
other morphine-like effects, while blocking of the alcoholic hydroxyl by the 
same processes, by oxidation to a ketonic group, or by reduction, or by 
replacement with halogen not only generally increases the toxicity and 
convulsant action of the drug, but also has a tendency to increase other 
morphine-like effects. A shift of the alcoholic hydroxyl group from posi¬ 
tion 6 into 8 generally results in a decrease of pharmacological action, but 
a spatial reversal of the groups in position 6 from the morphine or codeine 
types to the a-isomorphine or isocodeine configuration generally leads to an 
increase in activity. 

The opening of the ether bridge in morphine seems to decrease activity. 
Substitution in the aromatic nucleus, and saturation of the 7,8- or 6 7- 
double bonds in the morphine series causes unpredictable changes of the 
generally decreased physiological effects in the resulting products. 


Metopon 

(.Nuclear substitution by alkyl groups in the isocyclic ring of morphine 
may increase or decrease the effect of the latter. However, in two alkyl 
derivatives, methyldihydromorphinone (Metopon, XI-16), and 6-methyldi- 
hydromorphine (XI-20) the increased activity of the compound is not 
accompanied by a corresponding decrease of the duration of the action and 
thus a dissociation of analgetic activity and of dependence formation has 
been achieved. Pharmacological and clinical studies of Metopon*® have 
revealed that it is relatively free from nauseating effects and does not 
produce mental dullness. It affords adequate relief of chronic deep-seated 


» Small Eddy Mosettig, and Himmelsbach, “Studies on Drug Addiction 
i^gtL^193r health Reports, U. S. Govt. Printing Offi 


Supple- 
, Wash¬ 


's Eddy, N. B., in 
(1948). 


“Newer Synthetic Analgesics,” Ann. N. Y. Acad. Sci., 51 , 
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pain by oral administration and has been introduced for analgesia in in¬ 
operable terminal neoplastic disease. Tolerance to Metopon and addiction 
develop slowly. Its main disadvantage is the difficulty of its preparation. J 


CH,N-CH, CH,N-CH, 



(XI-3) (XM3) 


CIbN-CH, CH 3 N-CH, 



(XM7) 


CHjN-CH, CH 3 N-CH, 



(XI-18) (XM9) 


HBr 


(XM 6 ) 

Figure 1. Synthesis of Metopon 

^he synthesis by Small, Fitch and Smith^* utilizes the reaction of the 
enol ethers or enol esters of morphine type ketones with Grignard reagents. 
An alkyl group is introduced at C®, or perhaps at C’ by an 1,2- or 1,4- 

Small, Fitch, and Smith, J. Am. Chem. Soc., 58, 1457 (1936). 
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addition of the Grignard reagent (XI-17), and the furan ring is opened with 
simultaneous hydrolysis of the enol ether or ester group. The oxide ring is 
closed subsequently by bromination (XI-18) and elimination of hydrogen 
bromide (XI-18, 19). The methoxyl group is finally hydrolyzed by the 
action of hydrobromic acid (XI-19, 16). 7 

It is interesting that the Grignard reagent does not attack the keto 
group of 5-methyldihydrothebainone, but the morphine ketones are known 
for their refractory behavior against alkylmagnesium halides. This does 
not hold, however, for their reactions with organolithium compounds. For 
example, dihydromorphinone (XI-11) reacts with two moles of methyl- 
lithium to give 6-methyldihydromorphine (XI-20) which has been shown to 
possess prolonged analgetic action.^® 


CH,Li 


(XI-11) (XI-20) 




Depending on the conditions used, the hydrogenation of the halogen 
analogs of the morphine series, the chloro- or bromomorphides, may yield 
almost entirely the so-called dihydrodesoxymorphine types, or it may lead to 
tetrahydrodesoxymorphine. Dihydrodesoxymorphine D (Desomorphine) 
has been shown to be an analgetic about nine times stronger than mor¬ 
phine. Particularly remarkable is the almost total lack of emetic and 
other effects of this drug on the gastro-intestinal tract. 

In Table IV, pharmacological data of some of the compounds discussed in the 
preceding paragraphs are listed. The structural formulas of those morphine deriva¬ 
tives not previously pictured are grouped in Figure 2. All data are from Studies on 
Drug Addiction," and the headings are interpreted as follows: 

Toxicity, administered subcutaneously to mice. 

Convuhant Action, the smallest dose causing convulsions in mice. 

Analgesia: Minimum dose administered intramuscularly which caused in at least 
four of five cats a response in the Eddy pressure test. 

Exciting Effect: Minimum dose causing excitement in at least two of five cats 
Emetic Action: Minimum dose causing nausea, licking or vomiting in cats 
General Depression: Smallest dose preventing immediate righting of at least 15 of 20 
rats, one-half hour after intraperitoneal administration. 

Respiratory Effect: As defined by Wright and Barbor.“ 

Small and Rappaport, J. Org. Chem., 12, 284 (1947). 

« Wright and Barbour, J. Pharmacol. Exptl. Therap., 61, 422 (1937). 
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(XT-21) :R=H 
(XI-22) :R=CH 3 


(XI-23) : R=H 
(XI-24) :R=CH 3 


(XI-25) :R*H 
(XI-26) :R*CH, 


CHjN-CH, 



OAc 


CH,N-CH, 



CH,N-CH, 

1 




CH, > ^ y ^ CH. \ 

0CH3 


HO 
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(XI-28) 


(XI-29) 


CH 3 N-CH, 



(XI-31) 


CH,N-CH, 



HO OH 

(XI-30) 


CH,N--CH, 



Figure 2. Structures of Some Morphine Derivatives 
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TABLE IV. Pharmacological Effect of Some Morphine Derivatives” 


Alkaloidal Base 

Formula 

No. 

Xl-n 

LD50, 

mg./kg. 

ConvuU 

aant 

Action 

mg./kg. 

Analgesia 

mg./kg. 

Exciting 

Effect 

mg./kg. 

Emetic 

Action 

mg./kg. 

General 

Depression 

mg./kg. 

Respir¬ 

atory 

(Effects 

mg.Ag* 

Morphine 

-1 

531 

531 

0.75 

0.57 

0.22 

6.75 

0.15 

Codeine 

-2 

241 

161 

8.04 

8.04 

16.0-f- 

36.1 

1.3 

Ethylmorphine 

-32 

136 

122 

7.66 

17.0 

8.5+ 

42.6 

0.48 

(Dionine) 








0.15 

CK-Isomorphine 

-21 

890 


0.80 

0.89 

0.13 

22.2 

Isocodeine 

-22 

589 

589 

13.0 

13.0 


58.9 


^-Isomorphine 

-23 

324 

324 

10.1 

9.26 

4.63 

74.0 

2.14 

Allopseudoco- 

-24 

267 

178 

13.3 

26.7 

13.3+ 

80.1 


deine 








2.36 

■y-Isomorphine 

-25 

2000-1- 


7.09 

7.09 

1.77 

133+ 

Pseudocodeine 

-26 

1780 


17.8 

22.2 

4.45 

89.1 

48.0 

Monoacetylmor- 

-27 

293 

180 

0.18 

0.18 

0.18+ 

0.9 


phine 
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TABLE IV {Continued) 


Alkaloidal Bose 

Formula 

No. 

Xl-n 

LDM. 

mg./kg. 

COQVUI 

sant 

Action 

mg./kg. 

Heterocodeine 

-28 

72 

65 

Dihydromor- 

-11 

84 

67 

phinone (Di- 
laudid) 
Dihydrocode- 

-12 

86 

47 

inone (Di- 
codid) 

Dihydrodesoxy- 

-29 

104 

104 

morphine-D 

(Desomor- 

phine) 

Tetrahydro 

-30 

221 


desoxyinor- 

phine 

Methyldihydro- 

-16 

25 

25 

morphinone 

(Metopone) 

Ethyldihydro- 

-31 

27 

22 

morphinone 

Dihydrohydroxy- 

- -15 

426 

426 


codeinone 

(Eucodal) 


Analgesia 
mg./kg. 

Exciting 

Effect 

mg./kg. 

Emetic 

Action 

mg./kg. 

General 

Depression 

mg./kg. 

Reepir^ 

atory 

Effects. 

mg./kg 

0.48 

0.32 

2.40-1- 

1.40 

0.016 

0.17 

0.17 

0.08 

0.88 

0.011 

1.28 

0.86 

2.56-f 

4.20 

0.08 

0.08 

0.16 

low 

0.32 

0.012 


0.62 

1.86 

6.20-1- 

14.0 


0.07 

0.10 

0.07 

3.00 

0.012 

0.17 

0.09 

0.17 

2.01 

0.021 

1.34 

0.89 

0.89-1- 

1.34 

0.10 


3. Hypotheses Concerning the Mode of Action of Morphine 

Clues as to the cause of the analgetic activity of morphine have been 
sought in a study of its action on isolated enzymes. Perhaps the most 
noteworthy relation in this field is the strong inhibition of cholinesterase by 
morphine.®* 

Cholinesterase is an enzyme which catalyzes the hydrolysis of the 
parasympathetic mediator, acetylcholine, to acetic acid and choline. If 
morphine is present in the brain, the hydrolysis of acetylcholine by the now 
inhibited cholinesterase is blocked.» 

It has been pointed out that morphine may not reaUy interrupt pain 
conductance but only modify the individual’s attitude towards pain bv 
superimposing on pain reception a feeling of euphoria. The biochemical 
mechanism of this superimposition is not clear. Pero« has advanced the 

Bernheim, J. Pharmacol. Exptl. Tkerap., 57, 427 (1936). 

1 ero, thornale ital. aneslesta e analgesia ^ 5, 128 (1939) 
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hypothesis that analgesia is an adrenergic process, that is, it stimulates the 
secretion of epinephrine (or its precursor, norepinephrine) at the synapses. 

However, a discharge of epinephrine from the adrenal medulla upon 
administration of morphine has been observed and may, in part, explain 
the analgetic action of the opium alkaloid.^'* Since the discharge of epi¬ 
nephrine by the gland is known to be a cholinergic phenomenon (Chapter 
XIX), a unification of the fundamental views of morphine activity does not 
appear to have been reached as yet. The drop in blood pressure observed 
after injection of morphine points to a cholinergic component of the action 
of the alkaloid. On the other hand, the analgetic effects of epinephrine, 
ephedrine, and other sympathomimetic amines (Chapter XIX) make it 
appear that pain is a cholinergic phenomenon, i.e., connected with para¬ 
sympathetic stimulation. 

Euphoria is essentially a form of stimulation of the central nervous 
system and is not necessarily related biochemically to adrenergic activity. 
It is quite likely that different enzyme systems are concerned with the 
pleasing stimulation of the intellectual centers, and with the increase of 
blood pressure and vasoconstriction. Such a separation of action can also 
be seen in amphetamine which produces both sets of effects (Chapter XIX). 

Dependence on morphine is developed in an individual according to his 
physical and mental qualities after a number of administrationsrand begins 
usually with tolerance of the drug. With an increase of the dosage he 
acquires the strong desire to repeat the euphoric action brought about by 
morphine. After addiction is established, the patient experiences, upon 
withdrawal, symptoms characterized by severe physiological reactions. 
No satisfactory explanation for the withdrawal symptoms and their ulti¬ 
mate disappearance, that is, return to normal physiological conditions has 
been offered.’^® It is interesting that in an addict receiving enough mor¬ 
phine to keep him in undisturbed addiction balance, an injection of physo- 
stigmine, a powerful inhibitor of cholinesterase (Chapter XXI) brings 
about withdrawal symptoms. Whether this can be interpreted as a protec¬ 
tion of brain cholinesterase from the inhibitory effects of morphine, or as 
a more far-reaching upset of enzyme balance will have to be determined by 
further studies. Other lines of thought have centered around a hypotheti¬ 
cal antimorphine factor (histamine?) which might be responsible for the 
abstinence syndrome. This idea is based on the observation that Pyribenz- 
amine can be used as an adjunct in the control of morphine withdrawal 

symptoms.^® 

** Puharich and Goetzl, Permanentc Found. Bull., 5, 19 (1947). 

« Seevers, Isbell, and Batterman, in *‘Newer Synthetic Analgesics,” Ann. N. Y. 

Acad. Sci., 51, 98, 108, 123 (1948). 

Kells, Southern Med. J., 41, 134 (1948). 
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IV. SYNTHETIC ANALGETICS^^ 

1. Derivatives of Phenanthrene and Related Ring Systems 

It has always been an intriguing problem to the organic chemist to 
find out which of the structural components of a naturally occurring physio¬ 
logically active compound are responsible for its pharmacological behavior. 
In the case of morphine, the task is particularly difficult since we can discern 
in the molecule of this alkaloid a variety of structural features. Morphine 
(XI-1) may be regarded as a derivative of (a) phenanthrene, (b) dibenzo- 
furan, (c) isoquinoline, (d) piperidine, (e) benzodihydrofuran, (f) furan and 
a number of other ring systems. While a few attempts to synthesize deriva¬ 
tives of some of these ring systems had been recorded earlier, several hun¬ 
dred derivatives of phenanthrene and its hydrogenated derivatives, as well 



(XMd) (XMe) (Xl-lf) 

as of dibenzofuran, carbazole, dibenzothiophene, and of benzodihydrofuran 
were tested between 1930 and 1945. 

A few general conclusions of these researches can be drawn. The 
action of the very weakly depressant hydrocarbons phenanthrene^ 9 10- 
dihydrophenanthrene, 1,2,3,4-tetrahydrophenanthrene, and octahydro- 

phenanthrene may be enhanced to the point of endowing them with anal¬ 
getic activity by the addition of simple substituents such as hydroxyl and 
amino groups. In most cases the 3- derivatives are more active than the 
2- or 9- derivatives. Disubstitution of the phenanthrene nucleus or muz¬ 
zling of various simple substituents such as acetylation of hydroxyl or amino 

51, 12 (1948). Bergel and Morrison. kea.. Sac., 2, 349 (1948) 
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groups, or esterification of carboxyl groups usually leads to a decrease of 
activity. In all cases the 9- substituted derivatives have shown a curare or 
veratrine-type delayed relaxation. 

The most important derivatives to exhibit analgetic activity were 
amino alcohols of types (XI-33, 34, and 35). Amino alcohols with an 
activity approaching that of codeine were found in the tetrahydrophenan- 
threne series when both the alcoholic hydroxyl and the tertiary amino group 


CHOHCH 2 NR 2 






(XI-33) 




(CH2)„NR2 

OH 


n = 0 or 1 
(XI-34) 






CnOH(CHj)„NR2 




n = 1 or 2 
(XI-35) 


were a part of the hydrogenated ring. One of these compounds (XI-36) 
not only possessed a relatively low toxicity and high analgetic activity, but 




w 




CH0H(CH2)„NR2 


n = 1,2 

(XI-37) 


(XI-36) 

also showed a typical morphine-like picture in the cat \vithout evidence of 
convulsant action and almost without emetic effect.^ 

Burger and Mosettig, J. Am. Chem. Soc., 58, 1570 (1936). 
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In the series of dibenzofuran compounds, a similar regularity as in 
the series of phenanthrene derivatives was observed. Particularly amino 
alcohols of the structure (XI-37) were more pronouncedly analgetic than 
in the phenanthrene series but this increase in beneficial activity was 
accompanied by an increase in toxicity. The same held also for derivatives 
of dibenzothiophene (XI-38). They had been suspected to be isosteres of 
the corresponding phenanthrene derivatives (XI-35), but the Avork of 
Burger and Bryant^^ has not supported physical evidence for this analogy. 



(XI-38) 


In the carbazole series, the most active derivatives were 2-(3-diethyl- 
amino-l-hydroxy-n-propyl)-9-methylcarbazole (XI-39) and l-hydroxy-2- 
(dimethylaminomethyl) -1,2,3,4-tetrahydrocarbazole (XI-40). They have 



H 

(XI-40) 

a smaller minimum effective dose, and a longer duration of analgetic action 
than any of the phenanthrene or dibenzofuran derivatives which have 
been studied, ^ile these carbazole derivatives are also less toxic and 
less convulsant in cats, the most active substances are more emetic than 
the analogous derivatives of phenanthrene. 


2, Apomorphine and Papaverine 

/YT morphine, its rearrangement product apomorphine 

(XI-41) no longer has analgetic activity; it is a strong excitant for the 

Burger and Bryant, J. Am. Chem. Soc., 63, 1054 (1941). 
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central nervous system and, in small doses, may be used as an expectorant. 
Its chief use is as an emetic in cases of poisoning. 



HO OH 

(XI-41) 

The generic relation of morphine to its companion alkaloid papaverine 
and the mildly depressant and pronounced antispasmodic properties of the 
latter have instigated a number of studies concerning the analgetic potency 
of 1-aralkyltetrahydroisoquinoline derivatives. For instance, Kiilz^® found 
that highly substituted derivatives of this kind (XI-42) led to substances 
possessing analgetic activity, and the intensity of this effect was stated to 
be approximately proportional to the number of substituents. A resem¬ 
blance of these compounds to morphine may be expressed by comparison of 
their formulas. 



(XM) (XI'42) 

3. The Ether Bridge 

Although the opening of the ether bridge in morphine greatly decreases 
analgetic activity, and the opening of the piperidine ring in the morphi- 
methines virtually abolishes this valuable property, several N-hydroxy- 
phenylalkylene-dihydroxyphenylaliphatic amines of the general formula 

(XI-43= XI-44) in which the alkyls contain from 4 to 10 carbon atoms 
have been tested.®^ 

Kiilz et al,, German Pat. Appl. K 150, 382, IV C/12p (1938). 

31 Kiilz et al., U. S. Pats., 2,276,618; 2,276,619. 
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CH 3 
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CH. 


CK 




V 

HO 


CH 


OH 


CH 2 

\/^ 


V 

OH 


(XI-43) 


- (H0)2C6H3(CH2)„NR(CH2)„CflH40H 

(n = 4 to 10) 

(XI-44) 

The analgetic potency of these drugs is said to increase with the total 
number of the carbon atoms in the aliphatic chains connecting the nitrogen 
to the aromatic nuclei. 

On the assumption that the oxygen bridge is necessary for analgetic 
activity in morphine, several tertiary furan amino alcohols were tested 
but were devoid of analgetic activityBased on similar considerations, 
Burger and his co-workers” prepared tetrahydropyranyl and tetrahydro- 
furyl amino alcohols. The pattern of the synthesis of these compounds 
is shown in the accompanying diagram. Tetrahydropyranoyl chloride 
(XI-45) was converted to the diazo ketone, the corresponding bromo ketone, 
and the corresponding amino ketones which were reduced to amino alcohols. 
The piperidino (XI-46) alcohol was the most active drug of the group, 

CH 2 CH 2 

0^ "^CHCOCl > 

\ / 

CH 2 CII 2 

(XI-45) 


COCHN. 


IIBr 


COCH2Br 


COCH2NC6H10 

CH 2 CH 2 


CH2CH2 

-^ CHCHOHCH2N CH2 

CHaCHa^ 

(XI-46) 

Hurnest and Burger Am. C/tm. Soc., 65, 370 (1943). Burger. Ben^t TurnbuU 

- «“>“de>phia, Pa’, A^n l": 
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150 mg./kg. cat causing marked analgesia. Its therapeutic index in rats 
was 1:5. 

Introduction of a phenyl group in the 4-position of the tetrahydropyran 
ring of such compounds abolished analgetic activity.®^ 

Tetrahydrofuryl amino alcohols (XI-47) were synthesized from furoyl 
chloride in an analogous manner, the intermediate furyl amino alcohols 
being hydrogenated as the final operation. They were much more toxic 
than the tetrahydropyranyl analogs. Similar benzodihydrofuryl amino 
alcohols^"* (XI-48) in which the benzodihydrofuran system of morphine was 


O 

/ \ 

CH 2 CHCHOHCH 2 NR 2 

CH2 —CH2 

(XI-47) 


'^/^'^CHCHOHCa NR 




CH, 


(XI-48) 






(XI-49) 


CIIOHCII 2 NR 2 


to be simulated shared this property. Amino alcohols derived from di- 
benzofuran*® carrying the functional groups in the side chain or in a partly 
hydrogenated ring (XI-49) were much more active, but also more toxic 
than the corresponding derivatives of phenanthrene. 

The significance of the furan-type ether bridge for the analgetic activ¬ 
ity of morphine is now seriously open to question, since the synthetic N- 
methylmorphinans (XI-79, 89) which lack this group, exhibit very high 
analgetic properties. 

In the group of cyclic ethers containing basic functions, the earliest 
compounds recognized to exhibit an antihistaminic effect were also found 
to have analgetic properties. These compounds were studied originally 
for their inhibition of nervous impulses in the sympathetic system. Their 
sedative action, observed in doses of 20-30 mg./kg. seems to be independent 
of their antiadrenergic properties. They are listed here in the order of 

decreasing activity.^® 

i* Burger a.nd Deinet, J. Am. Chem. Soc., 67, 566 (1945). 

>5 Mosettig and Robinson, J. 4m. CAewi. 5oc., 57, 2186 (1935). 

«Bovet and Bovet-Nitti, Medicaments du Systbme Vtgetatif, Karger, Basel, 
p. 247; Interscience, New York. 
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0 

.Ay" \ 


CH2CH2N(C2H6)2 


V 

/^/Ach2CH2N(C2H6) 

. CH2 

V \CHCH2N(C2H6)2 

A|/^\CHCH2N(C2H6)2 


/3-Diethylaminoethoxybenzene 


o-Methoxy-/3-diethylaminoethoxy- 

benzene 


3-Diethylaminomethylcoumarin 


2-Diethylaminomethylbenzo- 

dioxane 


4. Demerol ^ 

In 1937 , Eisleb and Schaumann^^ prepared a number of simple piperi¬ 
dine derivatives with the avowed purpose of testing them as antispasmod- 
ics because of a rather vague structural similarity to atropine. Dui-ing the 
tests it became apparent that some of these compounds were endowed with 
potent analgetic activity. A post-facto inspection of their molecular struc¬ 
ture (XI-50) revealed certain similarities to the formula of morphine (XI- 
1). If this alkaloid is regarded as a derivative of phenethylamine, and its 
euphoric action is attributed to that structural feature which is also present 
in such pronounced euphorics as mescaline (XI-51), then a severing of the 
phenethylamine chain, that is a break between the nitrogen atom and the 
aromatic ring, should perhaps produce compounds with less euphoric 
action. In DemeroP^ (Meperidine, XI-50), this prediction has been largely 
realized. 

The two syntheses used by Eisleb in the preparation of the Demerol 
series permitted a sufficient variation of the structures without profoundly 
changing the synthetic approach. Approximately forty piperidine deriva¬ 
tives containing in the 4-position an aromatic ring and a number of un¬ 
saturated functions, such as keto, nitrile or ester groups were tested, and of 
these the combination with the most favorable therapeutic index was chosen 

Eisleb and Schaumann, Deut. med. Wochsckr., 1939, 967. 

« Other names: Meperidine, Pethidine, Isonipecaine, Dolantin. 
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CH3 



CH 


(XM) 


(XI-50) 


OCH 3 

CH3O/S0CH: 


\/ 

CH 


\ 


H2N 

(XI-51) 


/ 


CH 


for clinical trial. As may be seen from the data in Table V the introduction 
of hydroxyl, methoxyl, or amino groups in the para position of the aromatic 
ring decreases or abolishes analgetic effects. Analgetic action also dis¬ 
appears if the benzene ring is replaced by a naphthalene ring. It should 
be noted, however, that the introduction of a phenolic hydroxyl in the 
meta-position in the aromatic ring causes a five-fold increase of analgetic 
activity. It has been suggested that this molecule is more comparable in 
structure to morphine than Demerol. 

Removal of the methyl group from the nitrogen, or replacement of this 
methyl group by other groups generally decreases or abolishes analgetic 
properties. No other group in place of the carbomethoxy group in Demerol, 
such as other ester groups, ketone, amide or carbinol groups, with the 
exception of the propyl ketone group show the same high analgetic effect. 
All these compounds are distinguished by a high degree of antispasmodic 
activity which is usually more pronounced than their analgetic function. 
They are relatively devoid of euphoric action. 

Only one such analog of Demerol, 4-(m-hydroxyphenyl)-l-methyl-4- 
piperidyl ethyl ketone (XI-54), also called Ketobemidone, shows highly 
increased activity. It is thirty times more effective than Demerol, but 
unfortunately leads rapidly to very severe addiction so that its clinical use 
has been judged inadvisable.^®* 

An interesting modification of the Demerol structure has been pre¬ 
sented in 4-(6-hydroxy-3-methylphenyl)-l-isonipecotic acid lactone (XI- 
54a) in which the carboxyl is esterified with an orfAo-phenolic hydroxy 
group in the benzene ring. The compound shows considerable analgetic 

activity in man.^®^' 

Demerol has found wide clinical acceptance and has been able to 
replace morphine in a number of conditions requiring powerful analgesia 

=•» of. Eddy, /. Am. Pharm. Absoc., 39, 245 (1950). Kagi and Miescher, 

Ada, 32, 2489 (1949). Bernstein, Schweiz. Med. Wochschr., 79, 1159 (I94y;. 

Spielman, U. S. Pat. 2,500,714 (1950). 
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TABLE V. Pharmacodynamic Activity op Analogs of Demerol” 

CH3 R2 


N 




Analgesia 

Antis pas mo die Activity against spasms in¬ 
duced by 

Choline „ P, HiaU- 

Carbamate mine 

Demerol (XI-50) 

1 

1 

1 

1 

III = p-hydroxyphenyl 

0.2 

0.25 

0.75 

0.2 

p-methoxyphenyl 

0 

0.25 

1 

0.2 

p-uminophenyl 

0.16 

0.25 

0.33 

0.33 

a-naphthyl 

0 

0.33 

3 

2 

R 2 = H 

0.15 

1 

0.5 

0.75 

CaHs 

0.75-1.0 

1 

1 

0.75 

n-Callr 

0.5 

0.16 

0.25 

0.25 

n-C^H# 

0.75-1.0 

0.14 

1 

0.33 

CHjCHaOH 

0.25 

0.25 

1 

0.33 

U, = COOCHj 

0.75-1.0 

1 

0.5 

1 

COOCiHa 

0.16 

1 

1.5 

1.5 

COOCsHs 

0.2 

1 

2 

1 

COC 2 H 6 

0.5 

1 

1 

0.33 

COCH(CHs)j 

0.5 

2 

2 

0.16 

COCHjCHaCH, 

1 

1 

1 

0 5 

COCHjCH (CIDj 

0.5 

3 

1.5 

1 

COC8lIii(cycI.) 

0.25 

3 

3 

0 33 

COCHsCHzCeHs 

0.25 

1 

5 

0 1 

CO-p-CJLOH 

0.25 

4 

1 

1 

CO-P-C 6 H 4 OCH 3 

0.5 

1 

3 

X 

0 1 

II 2 = cyclohexyl 





Us = COCHjCHi 

0.5 

0.25 

1 

0 1 

Rj = CHjC«H8 



vF • A 

Rs = COCILCIIa 

0.5 

0.04 

2 

0.03 


particularly in preoperative and post-surgical practice. Withdrawal symp¬ 
toms and mild euphoria have been observed occasionally, but they are 
milder and more easily overcome than those caused by morphine ) 

The analog of Demerol called d-pethidine (XI-52) in which the 3- in¬ 
stead of the 4-position of the piperidine ring is substituted possesses less 
sedative qualities and may thereby segregate these overlapping effects more 
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^CH, 

1 1 
HaC. CH, 


HX 
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H,C CH, 
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XH,C CH,X 


H,NCH, 


C*H» —c —COjCjHs 
H,C CH, 


H,C^ CH, 
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C,H»C(CH,CH,OCH=CH,), 

1 

CN 


I 


C,H»OH 


H,SO« 


C.H. - c — CN 
H,C'^ CH, 

I I 

H,C^ ^CH, 



(XI-53) 


C.H,CH,CN + 2 ClCH,CH,OCH=CHa 

Figure 3. Syntheses of Demerol 


effectively than Demerol itself.^ 

For the synthesis of Demerol, Eisleb” first condensed benzyl cyanide 
with /3 ,;8-dichloroethyl ether, and replaced the pyran oxygen by the “ethy- 
amino group by a series of operations shown in Figure 3. Later, bis-^- 
chloroethyl) methylamine (XI-53) was used in the condensation, and the 
route to Demerol was substantially shortened. The convenience of this 
route is marred by the fact that bis-(^-chloroethyl) methylamine is a Power¬ 
ful vesicant. In an effort to synthesize the drug by a less trying rou 
a practical point of view, Bergel and coworkers« 

trUe with /3-chloroethyl vinyl ether and hydrolyzed the r^lting P 

to a diol which on chlorination and condensation with 

nitrile from which Demerol had already been obtained by a co o y 
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CH, 


CCO2CH3 H2C 
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CH, 
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CE 


C2H6CO 


(XI-52) 
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OH 


(XI-54a) 


CH 


(XI-54) 

5. Derivatives of 4-PiperidinoI 

If the carbomethoxy group in Demerol is regarded as a partial carrier 
of the functions of rings III and V of the morphine molecule, it becomes 
apparent that it is the shape of the whole Demerol molecule which is im¬ 
portant in comparison with that of morphine rather than the exact replica 
of any section of the latter molecule. It is not surprising to find that such 

a compound as 4-phenyl-4-hydroxy-l-methylpiperidine propionate (XI- 

55), a derivative of 4-piperidinol in which the ester group has been re¬ 
versed, has about | the analgetic activity of morphine.^ Introduction of a 


CH3 

/N\ 


/N\ 


CeH, 



CfiH 



CH 


OCOC2H6 
(XI-56) 


OCOC2H6 
(XI-55) 

^ the piperidine ring increases the analgetic 
frit? if K ^ f inorphine.« The resulting drug 1 3- 

dimethyl-4-phenyl-4-propionoxypiperidine (XI-56 NispnfU't h u ’ 

p.,M ...ft,, i. "■ 

.™p.rrx' 

« Morrison, and Rinderknecht, J. Chem. Soc., 1944, 265 

Blsle! 19^6,^26;:^^^^^^ Reinhardt. 

Lee, ibid., 12, 904 (1947). * * ’ (1947). Berger, Ziering, and 

“ Ziering and Lee, J. Org. Chem., 12, 911 ( 1947 ), 
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TABLE VI. Esters of 1-Alkyl-4-Phentl-4-Piperidinols*^ 



OCOR2HC1 


Analgetic In* 


Ri 

Ri 

Mouse Subcutane¬ 
ous LD5 o» mg./kg. 

Rat Analgetic Dose 

L40; mg./kg. 

dex at about 
1/3; Mouse 
LD 0 O 

CHa 

C2H5 

40 

1.4 

1.55 

CHa 

CaHr 

75 

8.5 

1.58 

C2H6 

C2H5 

75 

2.2 

1.55 

C2H5 

C3H7 

70 

12 

1.58 

C4H9 

Call, 

145 

10 

1.60 

CiH, 

Call 5 

115 

3.5 

1.57 

CHa 

CHa 

300 

40 

1.55 

C4H9 

CHa 

170 

21 

1.56 

Allyl 

C2H6 

110 

4.5 

1.42 

CH(CH3)2 

C2H6 

65 

2.3 

1.48 

C3H7 

C2H6 

85 

5.3 

1.36 

Demerol 


196 

43.6 

1.50 

Morphine Sulfate 


360 

3.75 

1.60 


after the subcutaneous LD50 in mice, the analgetic dose 1.40 in rats, and 
the analgetic index at about one third LD50 in mice. These terms have 

been explained by Foster and Carman.« The analgetic indexy|/|j, in 

which ti is the normal reaction time to pain in seconds, and U the reaction 
time altered by the drug, gives figures expressing potency which when 
plotted against the dose give approximately a straight line. Because rats 
do not show any further increase of pain thi-eshold at higher figures, the 
analgetic index of 1.40 was chosen as a reference for complete analpsia; it 
represents about twice the normal reaction time. The dose giving this 
index is termed the rat analgetic dose 1.40. 

6. The Experiments of Dodds 

The desire to simulate the peculiar sterical set-up of morphine moti¬ 
vated also the experiments of Dodds.-*® They were based on an experience 
with stilbestrol (XI-58) which had been designed successfully as an “open- 
chain” female sex hormone (XI-57) (Chapter XXIX). Since morphine 
also contains a phenanthrene ring system, it appeared possible to open 

** Foster and Carman, J. Pharmacol. Exptl. Therap., 91, 195 (1947). 

Dodds, Lawaon, and Williams, Proc. Roy. Soc., B132, 119 (1944), ■» * 

47 (1945). 
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similarly some of its rings, and therefore a series of diphenylethylamine 
derivatives was tested. Actually 200-400 miligrams of /3-phenylphen- 
ethylamine (XI-59) given in four hourly doses was able to replace morphine, 
but it only relieved the pain associated with pressure on nerves caused by 



CH3 

(XI'57) (XI-58) 

malignant growth and had no effect on other types of pain. When a rise in 

the pain threshold was measured by the electric stimulus method this 

compound was found to be devoid of analgetic action. On the other hand 

several phenacylpyridine derivatives (Xl-60) cause marked analgesia in 
animals.'*® 



(XM) 


/. i-ee s oruaies 


Apart from the 4-phenylpiperidine structure encountered in Demerol 
umber of other partial structures can be “extracted” from the skeleton 
of morphine, which if modified could be expected to produce anatetic 
compounds^ In emphasizing the connecting link between the " 0 ™^! 
nuclei of the phenanthrene portion of morphine by way of the nitrogen 
** Smith, U. S. Pat. 2,442,865 (1948). 
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atom, Lee and coworkers^^ arrived at tertiary bis (phenethyl) amines (XI- 
61). The p-hydroxy derivative (XI-62) which shows the closest structural 


CH3N—CH2 





CH3NCH2 

CH2 CHa 


\ 



(XI-61) 

H0<^^^^CH2CH2N(CH3)CH2CH2<(^""^ 

(XI-62) 


resemblance to the opiate prototype, had the highest analgetic activity of 
this series, about -f that of morphine. These compounds are similar to those 
described by Ktilz®^ and also resemble the antispasmodics of the Sestrone 
type (Chapter XXIII). 


8. Methadon 

The most outstanding structural feature shared by Demerol and mor¬ 
phine is the quaternary carbon atom in position-4 of the piperidine ring 
which throws in morphine one of the rings out of the plane of the remaining 
system and which assembles both molecules in a rigid sterical pattern. The 
only previously described piperidine derivative which had an approximately 
similar arrangement at carbon-4 was a-Eucaine (Merlin, 1896). It had a 
local anesthetic action like cocaine (Chapter VIII). 

A re-design of the fragments of the morphine molecule which point to 
the importance of carbon-4 of the piperidine system may have been at the 
bottom of the approach of Bockmuhl and Schaumann during the past war 
which culminated in the synthesis of methadon, one of the most potent 
useful synthetic analgetics. This drug, also named Amidone, Dolophine 
or Adanon, bears a great resemblance to the ethyl ^-(^-dialkylaminoe y ; 
/ 3 ,j?-diphenylpropionates (XI-63) which Bockmxihl and Ehrhart a 

« Lee, Ziering, Berger, and Heineman, in Jubilee Volume Emil Bareli. Reinhardt, 

Bksle, 1946, p. 266, 270. 

« Boekmiihl and Ehrhart, Germ. Pat. 711,069. 




ANALGETICS 


181 


described previously as spasmolytics and analgetics. Methadon (XI-64) 
may also have been an outcome of variations of the Demerol molecule \vith 
the piperidine ring opened. 


CsHb COC2H5 

\ / 

C 

(CsHOaCCHjCOzC^Hs 

CH2CH2NR2 CHs CHCHs 

\ / 

N 

CHs 

(XI-63) (XI-G4) 

Evidence has recently been furnished that methadon acts by interfering 
with the glycolytic enzyme, hexokinase, and thereby interrupts the normal 
carbohydrate energy supply to the central nervous system.^ The synthesis 



(C.H,),CCN (C,H»),CCN 


CH,CH{CH,)N(CH,), 

(XI-68) 

C,H»MgX 

CC,H*),CCOC,H, 

CH,CH(CH,)N(CH,), 

(XI-64) 


Figure 4. 


CH(CH,)CH,N(CH,), 

(XI-69) 

C,R.MgX 

(CeH*),CCOC,H* 

I 

CH(CH,)CH,N(CH,), 


Synthesis of Methadon 


(XI-70) 


** Greig, Arch. Biochem., 17, 129 (1948). 
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of methadon takes its start from diphenylacetonitrile (XI-65) which is 
condensed with 2-chlorodimethylaminopropane (XI-66) under the influence 
of sodamide. Since this chloroamine undergoes an intermediate cyclization 
to the ethyleneimine (XI-67) under these conditions, and the latter may 
add to diphenylacetonitrile in two ways, depending on the cleavage of its 
three-membered ring, two isomeric nitriles (XI-68) and (XI-69) are formed 
in approximately equal amounts. After separation of the isomers, the 
nitrile (XI-68) yields methadon (XI-64)^on treatment with ethylmagnesium 
halides, while (XI-69) furnishes isomethadon (XI-70). (See Fig. 4.) 

Proof of the structure of methadon has been furnished by several 
degradative methods, only one of which is presented here.^° Exhaustive 
methylation of 4-dimethylamino-2,2-diphenylvaleronitrile (XI-68) leads 
to the unsaturated nitrile (XI-71) which can be hydrolyzed to 2,2-diphenyl- 
4-hydroxyvalerolactone (XI-72). The same lactone is also obtained from 
3,3-diphenyl-5-methyltetrahydro-3-furanoneimine (XI-73) which can be 
prepared from diphenylacetonitrile (XI-65) and propylene oxide in the 
presence of sodamide. 


(C.HOiCHCN -1-CH,CH — CH, 


NaNH, 


(XI-65) 


(C.HOiCCN 

! 

CH,CH(CH,)N(CH,)* 

(XI-68) 
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The imine (XI-73) also provides a starting material for an alternative 
synthesis^® of the precursor nitrile of methadon. Treatment with phos¬ 
phorus trihalide converts it to 4-halogeno-2,2-diphenylvaleronitrile (XI- 
74) which can be converted to (XI-68) with dimethylamine. 

(C6H5)2C-C=NH 

1 I (C6H6)2CCN 

CHz O PXa I 

\ / ' CH2CH(CH3)X 

CHCH3 

(XI-73) (XI-74) 


(XI-68) 

The optical resolution of methadon with tartaric acid has been accom¬ 
plished.^^ The levo isomer is 2.2 times as active as morphine while the 
dextro-isomer shows only one tenth the activity of the alkaloid. However, 
the overall pharmacological behavior of the levo isomer is so similar to 
that of the racemic mixture that it would offer no advantage except the 
minor one of halving the small doses of the unresolved material. 

The effective dose of methadon in man has been stated to be between 
two-thirds and three times that of morphine. It reproduces virtually every 
detail of morphine action including, to some extent, its addiction liability. 
There are indications that it can be substituted for morphine in addicts, 
and subsequent withdrawal from methadon is much less trying than that 
from morphine.“ 

Experiments with methadon containing C“-labeled carbon have 
shown^^“ that the drug distributes itself fairly evenly throughout the 
animal, and no higher concentrations were found in the brain than in most 
of the body. Higher methadon levels accumulated in the adrenals, thyroid, 
lungs, spleen, kidney, liver and gastro-intestinal tract. 

Of the structural isomers of methadon with a different arrangement in 
the basic side chain, only isomethadon (XI-70) is almost as strongly anal¬ 
getic. It also exhibits fewer side reactions than methadon. Its Z-isomer 
produces less nausea than morphine, d/-methadon and di-isomethadon. 

Changes in the ethyl ketone group of methadon are accompanied by 
characteristic pharmacological changes which parallel those in morphine 
when the alcoholic hydroxyl group of this alkaloid is acetylated, or oxidized 
to a keto group. The therapeutic index of methadon (2 to 3) rises to 40 


“ Memorial Vol. Am. Assn, of Pharma- 

Llliot et al., J. Pharmacol. Exptl. Therap., 95, 494 (1949). 
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in a compound which contains a morpholino group in place of the dimethyl- 
amino group. This compound has been introduced into therapy under the 
name of Heptazone (XI-75).®^ It is less toxic and more effective than 
methadon, and has not given any evidence of producing tolerance in labora¬ 
tory animals. 

(C6Hb)2CCOC2H6 CH 2—CH2 

CH2CH(CH3)N 

\ / 

CH 2 —CH 2 

(XI-75) 


Reduction of methadon abolishes the morphine-like action of the 
drug but acetylation (XI-76) of the carbinol restores analgetic activity, 
and this is true also in a smaller degree when the ketimine (XI-77) of 
methadon is acetylated. 


(C«Hb)2CCOC2H6 

CH2CH(CH3)N(CH3)2 

(XI-64) 

Active 


(2H) 


(C6H6)2CCH0HC2H6 

iH2CH(CH3)N(CH3)2 


Inactive 


AcjO 


(C6H6)2CC(=NH)C2H6 

CH2CH(CH3)N(CH3)2 

(XI-77) 

Therapeutic Index 4 


(C6Hb)2CCH(OAc)C2H6 

CH2CH(CH3)N(CH3)2 

(XI-76) 

Active, Therapeutic Index, 11 


The replacement of the keto group of methadon by a sulfone group has 
been studied by Archer and Suter.'^* 1, l-Diphenyl-3-dimethylaminobutyl- 
ethyl sulfone (XI-78) is as potent as methadon and only one-half as toxic; 
the levorotatory form of the sulfone is twenty times more active as an 

analgetic than the d-form. 


(CeH6)2CS02C2H6 

CH2CH(CH3)N(CH3)2 

(XI-78) 


‘a Wilson and Hunter, Bril. Med. J., 1948, 553. 
Pharmacol., 5, 125 (1950). 

Klenk, Suter, and Archer, J. Am. Chem. Soc., 
and Archer, ibid., 70, 3959 (1948). 


Basil, Edge, and Somers, Brit. J. 
70, 3846 (1948). TuIIar, Wetterau, 
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V. MORPHINAN DERIVATIVES 

The closest synthetic approach to the structure of the morphine alka¬ 
loids is found in the synthesis of N-methylmorphinan (XI-79) and some of 
its derivatives by Grewe.^® This compound constitutes the basic skeleton 
of the morphine derivatives without the ether bridge and may be regarded 
as related to the natural alkaloids as tropane is to cocaine or atropine. The 
synthesis of N-methylmorphinan was not only the first significant contribu¬ 
tion to the age-old problem of synthesizing morphine, but has also been 
rewarded by the discovery that analgetic activity of the same order as in 
morphine resides in the ring system without outlying functional groups. 
Although this could be expected from the variations of the morphine struc¬ 
ture which had demonstrated that at least the phenolic hydroxyl (in co¬ 
deine) and the alcoholic hydroxyl (in desomorphine) are unnecessary for 
the production of analgetic activity, no des-phenolic derivative of morphine 
had ever been prepared. The activity of N-methylmorphinan now shows 
that none of the three oxygen functions are necessary for favorable pharma¬ 
cological behavior. 

The Grewe synthesis of morphinan starts from ethyl cyclohexanone- 
o-carboxylate (XI-80) which is condensed with ethyl cyanoacetate to 
(XI-81). Hydrolysis in acid solution furnishes 3,4,5,6-tetrahydrohomo- 
phthalic acid (XI-82) which yields the isoquinoline derivative (XI-83) 
on treatment with ammonia. Removal of the two hydroxyl groups by 
chlorination (XI-84) and reduction leads to 5,6,7,8-tetrahydroisoquinoline 
(XI-85) the methiodide of which, on treatment with benzylmagnesium 

chloride, gives l-methyl-2-benzyl-l,2,5,6,7,8-hexahydroisoquinoline (XI- 

86). Hydrogenation of the 3,4-double bond produces (XI-87a) which is 

related to the 1-benzylisoquinoline alkaloids. If its formula is written as 

in (XI-87b) the possibility of closing a phenanthrene ring system becomes 

apparent. This ring closure has been realized by treating (XI-87) with 

phosphoric acid; the shift of the double bond under the influence of this 

reagent follows the pattern observed in other similar hydroaromatic cv- 
clizations (Fig. 5). 

An overall yield of 200 g. of N-methylmorphinan was obtained from 
1 kg. of ethyl cyclohexane-o-carboxylate. The structure of the base was 
established rigidly by exhaustive methylation and degradation to 13-(j3- 
dimethylaminoethyl) octahydrophenanthrene (XI-88). Since this com¬ 
pound was synthesized independently, and is most likely a derivative of 

cis-decalin, it appears probable that N-methylmorphinan also belongs in 
this steric series. 

“ Grewe, Naturwissensckaften, 11, 333 (1946). Chem. Ber., 81, 279 (1948). 
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(XI-83) (XI-84) (XI-85) 



(a) (b) 

(XI-87) 


H,PO« 


CH,N-CH, 



(XI-88) 

Figure 5. Synthesis and Degradation of N-Methylmorphinan" 

Activity in man three times that of morphine has been observed with 
3 -hydroxy-N-methylmorphinan (XI-89)“ which was synthesized by an 

•• Gross, Brotman, Magyfy, Sawtelle, and Zager, r’a^d^ Hrfler- 

Sohnider and Grussner, Helv. Chim. Acta, 32, 821 (1949). Schnider and Heller 

bach, ibid,, SS, 1437 (1950). 
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analogous route; it is 3 to 6 times as toxic as morphine. The 3-methoxy- 
4-hydroxy analog has recently also been synthesized.The resolved com¬ 
pound was identical with d-tetrahydrodesoxycodeine. Compound (XI-89) 





OH 


(XI-89) 


shows an even greater similarity to morphine than the desoxy derivative. 
It has been used successfully postoperatively, and in incurable carcinoma, 
and is said not to cause euphoria. 


VI. OTHER SYNTHETIC ANALGETICS 


It is not surprising that structures bearing groups similar to those 
found in morphine show some properties which are also exhibited by the 
parent alkaloid, but it should be remembered that such compounds must 
have certain physical characteristics which are necessary for their dis¬ 
tribution in the tissues, their absorption, degradation and excretion. Only 
oocasional hints pointing to a relation between chemical structure, physical 
pioperties, and pharmacological action in the series of analgetics may be 
found in the literature. Preiswerk" has suggested that morphine-like 
activity depends on a salt forming group which is necessary to make the 
compound soluble in water, and secondly, on a weakly acidic group such 
as the phenolic hydroxyl in morphine which may act as an anchoring group. 
Such groups are present both in the various phenanthrene, dibenzofuran, 
^benzothiophene, carbazole and other amino alcohols as well as in the 
Demerol and methadon types, where at least the electron attracting aro¬ 
matic rings may be regarded as the weakly anchoring groups. 

It ^as been assumed that the Meyer-Overton theory of distribution 
between lipids and blood would hold for analgetics as well as for other cen¬ 
tral depresssants, but no accurate studies in this direction have been made. 
It would be highly desirable to study the relation of several chemical or 
p iysical factors such as the distribution coefficient, the surface tension 
a sorption, acidity, colloidal flocculation, etc. and compare their inter- 


’^jThallZtTETJl^rk^’ I^ehmann, 

„ ^ Expll. fherap., 99, 163 (1950). 

1 re.swerk, in Festschrift Emil Bareli, Roche Co., Basel, 1M6, p. 185, 
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dependence with the pharmacological efficacy within a specific group of 
analgetics. 

The analgetic activity of structurally simple compounds could be 
raised to a useful level if the frequently high toxicity of such materials 
could be lowered. Many analgetics are convulsants at relatively low 
dosages, and an attempt to overcome this shortcoming is described below. 

1. Pyridine Derivatives 

2-/3-Pyridylethylamine (XI-90) and its homolog (XI-91) are con¬ 
vulsants of the histamine type, and this property may be attributed to 
their ability to exist in a chelated form.®* A methyl group in 6 -position 
might be expected to interfere with chelation by calling upon the cyclic 
nitrogen for a tautomeric shift, and thus the “toxicity”, i.e. the histamine- 
type activity should be somewhat decreased.^® /3-(6-Methyl-2-pyridyl) 
isopropylamine (XI-92) actually shows marked analgesia at the 7 mg./kg. 
level but its still unfavorable therapeutic index (1:3) has prevented further 
studies. Even 2 -[ 2 -(phthalimido)ethyl]pyridme (XI-94) shows mild anal¬ 
getic activity.®®*^ 

NH 



R = H; R' = H: (XI-90) (XI-94) 

R = H; R' = CH 3 : (XI-91) 

R = CHs; R' = CH 3 : (XI-92) 

The discovery of the analgetic properties of this pyridyhsopropyl- 

amine ties in with the activity of simple compounds containing the ^-aryl- 
ethylamine structure. In the series of phenalkylamines a steady increase 
of activity has been noted from i 3 -phenylisopropylamine (CeHsCTz- 
CH(CH 3 )NH 2 ) to 5-phenyl-2-aminopentane (C«H 6 (CH 2 ) 3 CH(CH 3 )NH 2 ). 
Further separation of the aromatic ring and the primary amino group 
results in a sharp decrease of activity (Chapter XIX). 

Niemann and Hays, J. Am. Chem. Soc., 64, 2288 (1942). 

Burger and Ullyot, J. Org. Chem., 12, 342 (1947). 

Kirchner and Cavallito, XJ. S. Pat. 2,498,497 (1950). 
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2. Phthalidyl Aminoalkanes 

Since pressor amine structure can elicit analgetic properties, it was only 
natural to search in similar compounds for a comparable or perhaps en¬ 
hanced ability to relieve pain. While looking for a combination of vasocon¬ 
strictor and local anesthetic properties in compounds containing the char¬ 
acteristic features of pressor type amino alcohols, C 6 HbCHOHCHRNH 2 , 


TABLE VII. Pharmacological Behavior of Aminophthaliuylalkanes®® 


CO 

(K/ 

CHCHRNHj 

Dosage intraperitoneally, 
mg./kg. 

Analgesia 

Toxicity 

R = CH3 

100-250 

d= 

± 

C2H5 

75-250 

++ 


C3H7 

50-100 


+ 

C.H, 

25-75 


+ 

CsHu 

50-75 

± 

+ 


and the amino alcohol benzoate structure, C 6 H 5 COO(CH 2 )nNR 2 found in 
so many local anesthetics, certain aminophthalidylalkanes (XI-93) were 
studied for possible analgetic effects. Some of these compounds, syn¬ 
thesized from phthalaldehydic acid and nitroalkanes with subsequent re¬ 
duction of the condensation products caused marked analgesia in labo¬ 
ratory aniraals.*° 


■<^co 
:;o 

>^CHOH 


+ RCHjNOj 




CO 


X/X / 


0 


CHCHRNO 


a 




CO 


\ 


0 


'^^^CHCHRNH2 

(XI-93) 

Ullyot, Stehle, Zirkle, Shriner, and Wolf, J. Org. Chem., 10, 429 (1945). 
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3. Ethanol 

Among the structurally simplest substances which, when applied prop¬ 
erly, exert a powerful analgetic action is ethyl alcohol which had been used 
for the obtusion of surgical pain before the advent of modern anesthetics. 
Injected into nerves or nerve ganglia in small amounts, alcohol brings 
rapid, and often long-lasting relief from pain caused by angina pectoris, 
pelvic carcinoma and other intractable conditions. 


4. Diethylaminoethanol 

Of great practical importance is the discovery that the local anesthetic 
procaine (p-H 2 NC 6 H 4 CO()CH 2 CH 2 N( 02115 ) 2 ) when injected intravenously 
has powerful and prolonged analgetic activity in post-operative application. 
An even more pronounced effect without any toxic side-actions can be ob¬ 
tained by intravenous adminustration of 2-diethylaminoethanol. Also, di¬ 
ethylaminoethanol appears to have analgetic properties when given orally 
or intramuscularly.®' 


5. Tridion 


The recent chance discovery of the excellent analgetic activity of 
3,5,5-trimethyloxazolidinc-2,4-dione®‘ (Tridion, XI-95) has lent weight to 


O 

/ \ 

CO C(CH3)2 


CH 3 N 


CO 


(XI-95) 


the hope of finding further useful drugs among relatively simple compounds. 
This is also shown by the observation that certain 1,4-diheterocyclically 
substituted derivatives of piperazine, originally prepared as potential anti¬ 
convulsants, have pronounced activity. 1,4-Di-(2-pyrazyl) piperazine 
(XI-96) is extremely active as an analgetic.®^ 


/N\ 




CH 2 CH 2 

.'N 

^ CH 2 CH 2 

(XI-96) 






Rovenstine, in “Newer Synthetic Analgesics,” Ann. N 
(1948). 

*2 Denton, U. S. Pat. 2,459,367 (1949). 


Y. Acad. Set., 51, 145 
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VII. THE ANTIPYRETIC-ANALGETICS 

Many drugs have been tested for both antipyretic and analgetic ac¬ 
tivity. A compound which is an antipyretic is in general an analgetic and 
vice versa, and depressant effects accompany both types of activity. The 
antipyretic effect of many hypnotics ties in with these observations. Anti¬ 
pyretic drugs do not lower normal body temperatures appreciably but set 
the “thermostat” in the hypothalamus back to normal in a feverish organ¬ 
ism. Testing for antipyretic effects may be carried out in mice or rabbits 
made feverish by subcutaneous injections of hay infusions. 

Work in the field of antipyretic analgetics has been inactive for some 
time because modern clinicians are using fever as a therapeutic aid in over¬ 
coming infections which do not respond to drugs. The significance of 
fever for the natural defenses of the body is not well understood, and there 
is a tendency not to interfere with these physiological mechanisms. How¬ 
ever, the work with antipyretics in the past illustrates the tendency of 
certain periods to favor specific structures in a drug, and to abandon these 
structures later in favor of other systems without a compelling pharmaco¬ 
logical reason. 

Recent studies have cast doubts on the intrinsic analgetic value of 
orally administered antipyretics. By present standards, none of them 
alter significantly the normal pain thresholds.^ However, it is possible 
that the discrepancies found in the analgetic activity of these drugs are due 
to the inability of present test methods to pick up analgetic values of a 
low order. 

sV 1. Pyrazolone Derivatives 

An the field of pyrazolone derivatives, the period from 1890 to 1920 
was particularly fruitful. It was opened by the discovery of Knorr®^^ that 
a compound to which he had attributed faultily a quinine-like structure 
was actually a pyrazolone derivative. He called it antipyrine and found 
it to have a strong febrifuge action even before its correct chemical struc¬ 
ture had been ascertained. Subsequent to this finding, many other deriva¬ 
tives of pyrazolone were prepared and tested primarily for antipyretic 
activity but incidentally also for analgetic and other effects. In this group 
of compounds, Pyramidon (aminopyrine, XI-96) and Knorr’s original anti¬ 
pyrine (XI-97) have been most successful. Table VIII shows a few of the 
hundreds of compounds in an arbitrary selection. They are those deriva¬ 
tives which have been found of particular interest at the time of their dis- 

*3 Sonnenschein and Ivy, J. Pharmacol. Exptl. Therap., 97, 308 (1949}h ’ 

0^“ Knorr, Her., 16, 2597 (1883); 17, 2037 (1884); Ann., 238, 137, (1887). 
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TABLE VIII. Ptbazolone Derivatives 


Name 


Formula 


Analgeaia 


Tox¬ 

icity 


1-Phenyl-2,3-di- 
methyl-5-pyrazolone 
(Antipyrin, Anal- 
gesin)^ 


1 - (4-Aminophenyl )- 
2,3-dimethyl-5- 
pyrazolone 


1-Phenyl-2,3-di-^'- 

methyl-4-dimethyl- 
amino-5-pyrazolone 
(Aminopyrin, 
Pyramidon) 


1-Phenyl-2,3-di- 
methyl-4-(2-phenyl- 

4- quinolyl) amino- 

5- pyrazoIone 


l-PhenyI-2,3-di- 

methyl-4-valeram- 

ido-6-pyrazolone 


(Neopy||^e) 


CeHs 


O N 

\ 


NCH, 


CH, 

CeH^-p-NHa 


O N 

\ 

NCHa 


CHa 

C»H6 


O N 

\ 

NCII, 


(CHa)2N 


CH» 


CaHa 


O N 

\ 


NCH, 


NH 




CHa 


CaH 


O NCaH, 

\ 

NCH, 


CaHaCONH 


CH, 


++ ++ + 


+ + ++ =fc 


+++ 4* + 



++ 


Sodium l-Phenyl-2,3- 
dimethyl-5-pyra- 
zolone-4-methyl- 
ami nomethane sul¬ 
fonate (Novalgin) 


CaHa 

O N 

\ 

NCHa 


++ 


+ 


NaO,SCH,(CH,)N' 


CH, 
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TABLE VIII {Continued) 

Name Formula Analgesia 

'city 


1-Phenyl-3-methoxy- 
4,4'-diraethyl-5- 
pyrazolone 


l-Phenyl-2,3-di- 
methyl-4-hydroxy- 
6-pyrazolone 


l-Phenyl-2-methyl-4- 

ethyl-5-pyrazolone 


1-Phenyl-2,4-dialkyl- 
3-halogenomethyl- 
5-pyrazolone 


l-PhenyI-2,3-di- 

methyl-4-sulfo- 

methylamino-5- 

pyrazolone 

(Melubrin) 


1 -Phenyl -2-methyl - 
3,4-cyclotrimethyl- 
ene-5-pyrazolone*^ 


Aminopyrine and Tri- 
chloroethylurethan 
(Compral) 


CaHt 


O N 

\ 

N 


(CH,)2 och, 

CeHs 


O N 

\ 

NCH, 


OH CH, 

O N 

\ 

NCHj 


CzHs 


CeHe 


0 N 

%/ \ 

NR 


R CH 2 CI 

CbHb 

O N 

\ 

NCHa 


NaOjSCHjNH” 

CeHs 


CH 


O N 

\ 

NCHj 

\ 

CH 2 —CHj—CHj 



+ + 


+ + ± 




+ + ± 


+ + 





+ + 
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TABLE VIII. Pyrazolone Derivatives 


Name 


Formula 


Analgesia 


l-Phenyl-2,3-di¬ 
methyl-5-pyrazolone 
(Antipyrin, Anal- 
gesin)"^ 


1- (4-Aminophenyl )- 
2,3-dimethyl-5- 
pyrazolone 


l-Phenyl.2,3-di- 
mcthyl-4-dimethyl- 
amino-5-pyrazolone 
(Aminopyrin, 
Pyramidon) 


l-Phenyl-2,3-di- i—' 
methyl-4-(2-phenyl- 

4- quinolyl) amino- 

5- pyrazoIone 


l-Phenyl-2,3-di¬ 
methyl-4-valeram- 
ido-5-pyrazolone 
(Neopy^e) 


CeHs 

I 

O N 

\ 

NCH, 

CH, 

CeH^-p-NHj 

O N 

\ 

NCH, 

CH, 



C,Ha 


O N 

\ 

NCH, 


(CH,),N 


CH, 


Cell, 


O N 


NCH, 


NH ^CH, 




CeH, 


O NC«H, 

%/ \ 

NCH, 


C«H9C0NH 


CH, 


+ + ++ + 


++ ++ =fc 


+++ + + 



+ + 


Sodium l-Phenyl-2,3- 
dimethyl-5-pyra- 
zolone-4-methyl- 
aminomethane sul¬ 
fonate (Novalgin) 


CeH, ++ + 

O N 

%/ \ 

NCH, 

I I 

NaO,SCH,(CH,)N CH, 
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TABLE VIII {Continued) 


Name 

Formula 

Antipy- 

resta 

AnalKesia 

l-Phenyl-3-methoxy- 


C«Hfi 

+ 


4,4'-dimethyl-5- 



1 



pyrazolone 

0 

N 




/ 

> 






N 






II 




(CH,) 


OCH, 



l-PhenyI-2,3-di¬ 


CsHs 

++ 


methyl-4-hydroxy- 


1 




5-pyrazolone 

0 

N 





\ 






NCH, 

J 




OH 


“CH, 



1-Phenyl-2-methyl-4- 



++ 

± 

ethyl-5-pyrazolone 


1 





0 

N 





< 

/ 






NCH, 

J 




Call, 





l-Phenyl-2,4-diaIkyl- 



-f 


3-halogenomethyl- 


1 




5-pyrazolone 

0 

N 





/ 

> 






NR 

1 




R' 


J 

“CHaCl 



l-Phenyl-2,3-di- 




-1- 

+ + d= 

methyl-4-sulfo- 



[ 



methylamino-5- 


0 

N 



pyrazolone 


/ 

\ 

/ 



(Melubrin) 



NCH, 




NaOjSCHjNH 

CH, 



1-Phenyl-2-methyl- 


C.Hs 

++ 

+ -I- 

3,4-cyclot^imethyl- 


1 



l 

# 

ene-5-pyrazolone*^ 

0 

N 





/ 

> 


* 




NCH, 

1 




/- 


< 


•• 


CHj- 

—CHj—CHa 


r • 

Aminopyrine and Tri- 





1 1 

chloroethylurethan 





+ + 

(Compral) 
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TABLE VIII {Continued) 


Name 

Formula 

Antipy- 

resis 

Analgesia 

Toxi- 

city 

Aminopyrine and Iso- 
propylphonylbar- 
bituric acid (Allonal) 


+ 

+ 


2 Aminopyrine H- 1 
Diethylbarbituiic 
acid (Verainon) 


+ 

+ 



covery and pharmacological study, and among them are some of the com¬ 
pounds which have been manufactured commercially in the past. There 
have been many compounds with only a low antipyretic and analgetic 
rating whose structure throws some light on the rather vague connection 
of chemical structure and pharmacological activity in this series, but they 
have been omitted because they have long since gone into oblivion. 

Two valuable observations have pointed the way to a more purposeful 
pursuit of synthesis of active pyrazolone derivatives. One is the experi¬ 
ment by Erlenmeyer and Willi®-* who, based on the thesis of isosterism re- 


CeHs 




(CH3)2N 


NCII3 

=IcH3 


(XI-96) 


CH3CO -h I-IjNNHCeHe 


CH2CO2C2H5 


CeHt 




(CH3)2CH 


NCHs 

=IcH3 


(XI-98) 

N 

^ \ 

CH3C NCeHe 


CLl2-CO 

(XI-99) 


CILI 


CH3 

CH3COH -b IINNHCeHs-^ 

CHCO2C2II5 

^•Eri^®kieyer and Willi, Helv. Chim. Acta, 18, 740 (1935)“. 


CH 


CH3f 




NCeHft 

=0 


(XI-97) 
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placed the dimethylamino group in aminopyrine (XI-96) by an isopropyl 
group and obtained a successful antipyretic drug (XI-98). 

The other interesting phenomenon is the synergism of pyrazolone 
derivatives and hypnotics, Veramon, Compral, and Allonal are examples 
for this drug combination. Veramon consists of two moles of aminopyrine 
and one mole of diethyl barbituric acid. Its antipyretic effect is greater 
than that of the corresponding amount of aminopyrine alone. The ex¬ 
planation of this phenomenon is difficult since diethyl barbituric acid has 
no pronounced antipyretic action itself. However, it is a depressant and 
may thereby influence the body temperature. 

Syntheses of medic inal d erivatives of pyra zolon e may be illustrated 
for an tipyrin e and ami nopyrin e. Antipyrine ( XI-97 ) is prepared by con- 
densing“ plienylhydrazine with ethyl acetoacetate, and methylating the 
resulting phenyl-methylpyrazolone (XI-99). Alternately, N-methylphen- 
ylhydrazine can be condensed with ethyl acetoacetate with comparable 
results. 



(XI-97) 


(XM03) 


MONO 


(CH,),NH 


CH, 

- \=0 


ON 


(XMOO) 


H: 


CH, 

Nx 


CH, 

H,Cfr’^"NCeHs 
- 1=0 


(CH,):N 


(XI-96) 


H,CrJ^ NCJI, 

IIjnI-!-1=0 


2C1CH;C0;H 


-2C0, 


CH, 

- 1=0 


(XMOl) 


N(CH,CO,H), 




CH, 


(CH,)2NN=N 


i=0 


(XM02) 


(CH,);XNO 

Figure 6. Syntheses of Aminopyrine 
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The dimethylamino group of aminopyrine (XI-96) can be introduced 
into the molecule of antipyrine by way of the isonitroso derivative (XI-100) 
and aminoantipyrine (XI-101). The latter can be methylated by pre¬ 
paring its diacetic acid derivative and decarboxylating, or by diazotizing 
aminoantipyrine with nitrosodimethylamine and eliminating nitrogen from 
the diazo compound (XI-102). One can also brorainate antipyrine, and 
replace the bromine atom of 4-bromoantipyrine (XI-103) which is activated 
by the a-carbonyl group, with the dimethylamino radical. 

2. Derivatives of Aniline and Aminophenol 

Although aniline is a toxic amine and has to be excreted from the ani¬ 
mal organism by biological oxidation and conjugation, acetanilide which is 
reasonably easily hydrolyzed to aniline in the organism exerts a strong anti¬ 
pyretic and analgetic effect. Even though its toxicity is considerable, 
acetanilide has become the active ingredient of many “patent” medicines 
and headache nostrums under the name of antifebrin®® and is still used 
widely by the public for the relief of headache and other neuralgias. 

The most pronounced toxic symptom caused by aromatic amines and 
their derivatives is formation of methemoglobin. Methemoglobin is a 
chocolate-colored oxyhemoglobin in which the heme has been oxidized to 
the ferric stage, and which no longer delivers oxygen for respiration. The 
aniline derivatives (acetanilide, etc., sulfanilamide) interfere with enzy¬ 
matic carriers which would permit reconversion of the ferric to the ferrous 
form. 

In the course of a search for a better drug in this group, it was realized 
that the biological oxidation product of aniline, p-aminophenol, is probably 
the carrier of the toxic action of aniline. If the p-hydroxyl group could 
be blocked, especially in an anilide, a safer analgetic and antipyretic might 
result. This prediction was borne out when it was found that ethers and 
certain esters of p-aminophenol have a higher pharmacological potency 
without some of the side effects of the parent compound. 

The most successful of these compounds is Acetophenetidine (phe- 
nacetin) which is recommended as a strong antipyretic and antineuralgic.®® 

It is said to be perhaps the least toxic antipyretic. Other members of this 
series have an equal or sometimes higher activity, for instance, methacetin, 
phenocoll, p-allyloxyacetanilide and others. However, their low thera¬ 
peutic index has made it inadvisable to use them in medicine. 

Cahn, Cenir. Klin. Med., 7, 561 (1886). 

Hinsberg and Kast, Cenir. Klin. Med., 25, 145 (1887). 

Mannich, Arch. Pharm., 267, 699 (1929). 

Hambourger, Proc. Soc. Exptl. Biol. Med., 31, 365 (1933). 

Cox, Eckler, and Shriner, J. Am. Chem. Soc., 53, 3498 (1931). 
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The chemical criterion of all the active drugs has been the relative 
ease of hydrolysis of the anilide group. Other structural groups which 
can be converted to aromatic amino groups by plausible biological reac¬ 
tions may be responsible for the analgetic activity of certain compounds. 
The linkage between the two nitrogen atoms in phenylhydrazine and 
phenylsemicarbazide derivatives is reduced readily, and the potential con¬ 
version to aniline may account for the usefulness of some of these drugs. 
Phenylsemicarbazide (XI-104) is used as an antineuralgic in South America, 
and cryogenin (see Table IX) is supposed to have the most favorable 
properties of this group. The aromatic semicarbazides are prepared from 
arylhydrazines and alkali cyanates or urea: 

C 6 H 6 NHNH 2 + HCNO ^ CeHfiNHNHCONHa 

(XI-104) 

In this general group, the aromatic urethans should also be mentioned. 
Urethan itself has been recommended as a hypnotic but its toxicity is pro¬ 
hibitive; analgetic activity is not exhibited by this compound in doses up 
to 40 milligrams per kilogram in rats. Phenylurethan (euphorine), its 
N-methyl- and p-hydroxy derivatives, are still used occasionally. Phenyl¬ 
urethan (XI-105) is prepared from aniline and ethyl chloroformate. 

C 6 H 5 NH 2 + ClCOOCsHe CeH^NHCOOCgHB 

(XI-105) 

It should be noted that in the Tables of this Section, analgetic activity 
may mean antineuralgic action while “general depression” is a summary 
of the narcotic and hypnotic properties of the drug. The more modern 
comprehensive terms have been chosen as headings although some of the 
older testing methods actually revealed antineuralgic and hypnotic ac¬ 
tivity. As in the Table of pyrazolone derivatives (Table VIII), Table IX 
also only includes some of the compounds which have shown pronounced 
activity or are otherwise of pharmacological interest. Hundreds of com¬ 
pounds which have been prepared but for which no pharmacological tests 
have been recorded have been omitted from this selection. 

Table IX follows on pages 198 and 199. 



TABLE IX. Derivatives of Aniline 
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3. The Salicylates 

The febrifuge and pain-relieving properties of salicylic acid and its 
salts have been utilized medicinally for over a century. In the form of 
its methyl ester (oil of wintergreen), salicylic acid has been used for the 
relief of muscular aches and neuralgias. The disadvantages of salicylic 
acid, particularly its toxic manifestations were recognized at an early 
stage, but since no other substitute was available, toxicity had to be ac¬ 
cepted as an unavoidable side-action. However, its specific antipyretic 
action in rheumatic fever was recognized in 1876 by Strieker, and no other 
drug except ACTH and cortisone has become its rival in this condition. 

The therapeutic mechanism of salicylic acid in rheumatic fever is still 
obscure. The disease is caused indirectly by a coccus infection, and has 
been represented as an allergic reaction to the bacterial toxins. The 
causative infection can be controlled with sulfonamide drugs or antibiotics, 
but prolonged treatment with salicylates is routine even after the actual 
disappearance of the bacteria. 

The first synthetic ester of salicylic acid to be introduced into medicine 
was phenyl salicylate, (salol, 0 -HOC 6 H 4 CO 2 C 6 H 6 ) which Nencki’® recom¬ 
mended as an antineuralgic and analgetic drug. He found that slow bio¬ 
logical hydrolysis of the ester released into the organism the components, 
phenol and salicylic acid, in such small amounts that their toxic effects 
remained in the background, and only their antipyretic and bacteriostatic 
effects were noted (Nencki’s salol principle). 

Salol (XI-106) is prepared by heating salicylic acid and phenol with 
phosphorus oxychloride, or their sodium salts with phosgene according to 
the schemes: 

HOCeIbCOsH + CeHsOH O-HOC 6 H 4 COOCeHe 

(XI-106) 


H0C6H4C02Na -f- CaHsONa 

The drug has also been used as an intestinal disinfectant in diarrhea; 
it can be given in enterically coated pills. 

Based on the salol principle, acetylsalicylic acid (XI-107) was prepared 
by Dreser^^ with the hope that this compound would be hydrolyzed slowly 
to salicylic acid. The compound was named aspirin and has been perhaps 
the most successful synthetic drug in the whole field of medicinal chemistry. 
It is used as a favorite antineuralgic and analgetic for lower types of pain 
as well as a mild sedative and excellent antipyretic. The preparation of 

Nencki, Arch, exptl. Path. Pharmacol., 20, 396 (1886); 36, 400 (1895). 

Dreser, Arch. ges. Physiol., 76, 306 (1899). 
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aspirin from salicylic acid and acetic anhydride, in the presence or absence 
of bases, is a classic and has not been changed much over the years. 

0-HOC6H4COOH + (CH3C0)20 0-CH3COOC6H4COOH + CH3CO2H 

(XI- 107 ) 

Some of the esters of salicylic acid lend themselves for topical applica¬ 
tion in neuralgias of the skin or the muscles under the skin. Oil of winter- 
green, spirosal (so named for the spirea plant from which salicylic acid can 
be isolated), and other liquid derivatives of salicylic acid have found use 
in external application to swellings, rheumatic conditions, etc. 

^ ^OCOCHiCHaCOO^^^"^ 

COzH HO2C ^ 

Diaspirin 

<^^^^^ 000 (^ 2 ) 

OH 

Santalyl Salicylate (Santyl) 

HO2C_ 

^ 0C0CH2CCH2C02< ^~^^ 

^CO 

I I 

CHa-O 

Methylene-citrylsalicylic Acid 
(Novaspirin, Salicitrin) 

Figure 7. Salicylates of More Complex Structure 

More recently, salicylamide (0-HOC6H4CONH2) has been introduced 
as an analgetic said to be as potent but less toxic than aspirin. 

(2-Acetoxybenzyl) acetylsalicylate ( 0 -CH 3 COOC 6 H 4 COOCH 2 C 6 H 4 O- 
COCH3-0) is said to have the same analgetic effect as aspirin and five to 
ten times its duration of action.’^ Gentisic acid also controls symptoms 
of rheumatic fever. 

The bacteriostatic and growth-inhibiting properties of salicylic acid 
and its derivatives with unobstructed phenolic hydroxyl groups are so 
much more pronounced than any of their other properties that large 
amounts of salicylic acid and certain salicylates have been used in the 

” Martin and Urist, U. S. Pat. 2,474,005 (1949). 
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preservation of perishable foods by inhibiting their fermentation. The 
role of the salicylate ion in its microbiological behavior has been traced to 
an inhibition of certain essential metabolites, especially pantothenic acid. 
This antagonism vdW be discussed later in this ^book. If one keeps in 
mind that all the activities of the salicylates may be classified as depressive 
functions of cellular processes, both the growth-inhibiting and the anti¬ 
pyretic-antirheumatic properties of salicylic acid may well be based on 
similar mechanisms. 

Substitution of salicylic acid by an amino group para to carboxyl has 
led to p-aminosalicylic acid (PAS) which has become one of the important 
antitubercular drugs of our day (see Chapter XXXVI). 

4. Quinoline Derivatives 

Certain quinoline derivatives are strongly antipyretic as well as anti¬ 
septic. Many of them act as central nervous system depressants and ex¬ 
hibit considerable toxicity. The activities of quinoline and its simple 
alkyl derivatives as well as of isoquinoline are progressively weakened by 
alkyl substitution but the position of the alkyl group does not seem to be 
particularly significant. 

As might be expected, quinoline derivatives containing groups similar 
to those found in acetophenetidine have antineuralgic and antipyretic 
activity. Likewise, alkoxyquinolines lower fever temperatures but are 
mainly antiseptic. The more interesting alkoxyquinolines of the series, 
however, do not cause antipyresis in spite of their high antimalarial activity! 
5-Benzamido-8-ethoxyquinoline was called analgen because of its pro¬ 
nounced antipyretic analgetic activity, but it is too insoluble and too 
erratic in its action to be of any use. Nupercaine is a widely used local 
anesthetic (see Chapter VIII); here the centrally depressant properties are 
mostly covered and local anesthetic properties have been bared. 

2-Phenylcinchoninic acid (cinchophen, Atophan, XI-108) has been 
used for the treatment of gout. It is said to promote the secretion of uric 
acid from^ the tissues of podagric individuals; in addition, it also exhibits 
a distinctive analgetic and antipyretic action similar in degree to that of 
the salicylates. Although it is five times more toxic than cinchoninic acid 
(LD, 1 g./kg.) it has been used widely for the relief of pain. Table XI 
and Fi^re 8 show structural variations of cinchophen designed to produce 
a non-irritating, less toxic compound with a greater central depressant 
action than the parent compound. Some of the derivatives have been 
claimed to produce long-lasting analgesia. Hexophan (XI-U8) is said to 
ave a low toxicity and to cause almost no irritation. 3-Hydroxyein- 
chophen rapidly controls symptoms of rheumatic fever.^a 

Blanchard et al.. Bull. Johns Hopkins Hasp., 87, 50 (1950). 
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TABLE XI. Analgetic-Antipyretic Derivatives of Quinoline 


Derivative of Quinoline (Synonym) 

Antipyreeis 

Analgesia 

Other Aotiona 

Tozidty 

5-Acetamido-6-ethoxy- 

+ 

+ 



5-Benzamido-6-ethoxy- 

+ 

+ 



2-Methyl-4-phenyl- 



Central excitation 


2-Methyl-4-phenyl-6-inethoxy- 

+ 


Protozoicidal 


6-Methoxy-8-amino- 



dto. 


5-Benzamido-8-ethoxy- (Anal- 

+ 


Antiseptic. Stim¬ 


gen) 



ulates, then de¬ 
presses centrally 


(Cinchophen, Atophan) 

+ 

+ 


+ 

CXI-108) 

Hexamethylenetetramine Salt 


+-f- 



of Cinchophen 

Ally! 2-phenylcinchoninate 

++ 

+ 



(XI-109) (Atoquinol) 

Ethyl 2-phenyl-6-methylcin- 

+ 

+ 



choninate (Neocinchophen, 
Tolysin) (XI-110) 





(Synthallin) (XI-lll) 


+ 



2-(2-Furyl) cinchoninic acid 


+ 



(XI-112) 

2-(2-Thienyl) cinchoninic acid 


+ 

Antiphlogistic 

+ 

(XI-113) 

3-Aminocarbo8tyril (XI-114) 

+ 


Forms methemoglo- 

++ 




bin 


1-Aminocarbostyril (XI-115) 

+ 



++ 

1 -Ethyl-8-hydroxy-l ,2,3,4- 

+ 


Forms methemoglo- 

+ 

tetrahydroquinoline (Kairine) 

+ 


bin 


6-Methoxy-l ,2,3,4-tetrahydro- 

+++ 




quinoline (Thalline) 
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CO 2 H 

(XI-108) 




C02CH2CH=CH2 


HjC 


yVNv 
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(xr-109) 

/ CH 

/ 


X/V' 

C02C2H6 

(XI-110) 



o 




VAy 

C 02 CH 3 


(XI-111) 


C 02 H 
(XI-112) 


/ 0 \ 
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N 


CO2H 

(XI-113) 


^sv 


CO 


NH 2 

y\/^\ 




V 


CO 


\CIK 


CH 


(XI-114) (XI-115) 

yVNx_ 



CO 2 H 


OH 

CO 2 H 

Hexophan (XI-118) 

Figure 8. Formulas of Some Analgetic Quinoline Derivatives 


Cinchophen has been synthesized by many methods. For example, 
its 1,2-dihydro derivative is formed when aniline, benzaldehyde and py¬ 
ruvic acid are condensed. The dihydro compound (XI-116) is oxidized 
readily to cinchophen (XI-108). Another route utilizes the alkaline con¬ 
densation of isatin (XI-117) and acetophenone (see page 204). 

Reversal of the phenyl and carboxyl groups as shown in 4-phenyl- 
quinoline-2-carboxylic acid leads to an ineffective compound. The only 
advantage of neocinchophen (XI-110) is its indifferent taste as compared 
with the exceedingly bitter taste of cinchophen. 

l-Ethyl-4-phenyl-l,2,3,4-tetrahydroquinoline (XI-H9) shows anal¬ 
getic and antispasmodic effects. It is also possible to transfer the con¬ 
densed benzene ring to a single-bonded position without loss of activity 
as shown in several l-alkyl-3-aryl-4-phenylpiperidine derivatives (XI-120) 
which possess similar properties. During the experiments \vith these com¬ 
pounds, marked analgetic activity was detected even in 1 , 4 -bis-(diethyl- 
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aminomethy 1) -naphthalene (XI-121).^® 


C 2 H 6 

R 



/N 


kA./' 


Ar 

CeHs 

CeHs 

(XI-119) 

(XI-120) 


CH2N(C2H5)2 


CH2N(C2H5)6 

(XM21) 


VIII. ANALGETICS IN ARTHRITIS 

Several of the less potent analgetics described in the preceding sections 
of this Chapter afford a certain relief from pain associated with rheumatoid 
arthritis and its subdivisions. The salicylates, Acetophenetidine and its 
analogs, and the drugs of the cinchophen series have been used with varying 
degrees of success. The much more potent opiates as well as methadon 
and other potent synthetics are reserved for those cases in which arthritis 
pain exceeds the threshold controlled by the less powerful drugs. 

The confusion in this field arises from the fact that the causative 
mechanism of arthritis is not understood, and even the pain syndrome of 
the disease is not well defined. During the last few years, the hypothesis 
has been proposed that arthritis is a deficiency disea.se caused by an im¬ 
paired function of the hormones of the adrenal cortex. This view is based 
on the ability of certain steroid hormones such as cortisone, to relieve both 
the pain and the symptoms of the disease. The adrenocorticotropic hor¬ 
mone (ACTH) of the anterior lobe of the pituitary gland, which stimulates 
secretion of cortisone by the adrenal cortex, brings about similar effects in 
large doses. The hormones involv'’ed in this field are being discussed in 
Chapter XXIX. 

Arthritis is a disease in which the cement substance of bone and 
cartilage, collagen, is destroyed.’'* It has been suggested that this condi¬ 
tion may be caused by a deficiency of glucuronic acid which is a normal 
biological oxidation product of glucose and is used by the body for bio¬ 
logical conjugation of toxic products prior to their excretion. Experi¬ 
ments with the lactone of glucuronic acid (XI-122) showed that early cases 
of osteo-arthritis responded well to treatment with this substance; pain 
decreased, and the swelling of the joints receded. In rheumatoid arthritis, 
the results were less effective, but excellent response to glucuronic acid 
treatment was obtained in sciatica. 

Badger, Cook, Donald, Graham, and Walker, Nature, 162, 21 (1948). 

Peterman, quoted in Chem. Eng. News, 28, 45 (1950). 
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I ""““I 

COCHCHOHCHCHOHCHOH 

i- O -1 

(XI-122) 

To these structurally widely divergent substances which barely 
influence arthritic conditions by the same biological mechanism, several 
others have been added in scattered observations. One of these concerns 
gold salts. Gold-sodium thiomalate (Myochrysine, NaOOCCH(SAu)CH 2 - 
COONa) has been used both for rheumatoid arthritis and for the local 
treatment of the disease, lupus erythematosus. Similar copper compounds, 
e.g., cuproallylthiourea, HN=C(SCu)NHCH 2 CH = CH 2 , have also beeri 
recommended. The latter is supposed to be effective in neuralgias. 

Another unexpected antiarthritis drug was discovered in Tibione, the 
thiosemicarbazone of p-formylacetanilide. 


P-CH3CONHC6H4CH = NNHCSNH2. 

This compound has been studied extensively as an antitubercular agent^® 
but its antirheumatic properties were discovered only recently. 

Heilmeyer^® based his reasoning on certain modern concepts of rheu¬ 
matic disease, which involves the theory that there is a chronic sensitiza¬ 
tion in rheumatism against defensive reactions which, influenced by the 
natural constitution of the individual, become independent of the ex¬ 
citing orpnism. As a consequence, all possible bacterial, chemical or 
physiological stimuli may continue to maintain the state of the disease. 
Such states are called hyperergic. 

Tibione seems to act both on the tubercle bacillus directly like an anti¬ 
biotic, and also on some unspecific reaction of the bacillus in the blood 
stream, and on the defense mechanism of the host. Reappearance of a 
deteriorated blood picture when treatment is stopped, and a decrease of 
the copper content of the serum of tuberculous individuals have been ob¬ 
served in the study of Tibione. Similar effects are knowm to take place 
in chronic rheumatic diseases, and hence Tibione was tested in polyarthritis. 
The results of these tests were very encouraging. 

Relief from pam arising in the joints during acute exacerbations of 

rheumatoid arthritis has also been obtained with tetraethylammonium 

bromide (Chapters XXI and XXII). The duration of action of this drug 
was considerable.” ® 


Domagk, Schweiz. Z. Path. Bakt., 12, 575 (1949). 
Heilmeyer, Dent. med. Wochsch., 74, 161 (1949). 
Howell, quoted in Chem. Eng. News, 28, 1395 (1950). 
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Analeptics 


I. INTRODUCTION 

The literal definition of an analeptic, based on its etymological deriva¬ 
tion, is tliat of an agent which restores healths This concept is too broad 
to provide a valuable classification for the purposes of this volume. Clark^ 
has followed the more classical lead of the older medicinal literature by 
applying the term analeptic to drugs with central nervous excitatory action. 
Other pharmacologists prefer to lean towards a classification based on the 
therapeutic use of the drugs rather than on the pharmacological mechanism 
of their action. Thus, Goodman and Gilman^ assign the name analeptic 
to the restricted group of drugs which arouse the animal organism from a 
state of narcosis. The obvious objection to this interpretation is the lack 
of understanding of narcosis. Morphine and many of its derivatives are 
classical examples of narcotics, and yet analeptics cannot be used without 
grave danger in morphine poisoning because the particular depression and 
fatigue of the respiratory centers produced by overdo-ses of morphine are 
aggravated by the depression following large doses of at least certain typi¬ 
cal analeptic drugs.* The most suitable definition of an analeptic is per¬ 
haps that of a drug which can stimulate the vita! medullary centers when 
they are in a depressed state.* The flepression may he brought about by 
overdoses of certain drugs, especially by barbiturate poisoning. It may 
also be due to certain as yet not clearly understood pathological causes, 

such as narcolcijsy, and psychic depressions. 

Cannon proposed the term homco.stasis for the normal equilibrium of 
balancing physiological effects of glandular secretion, nervous impulses 
and other conditions which we identify with normal health. Any devia¬ 
tion from this equilibrium will provoke reflexes which tend to restore the 
state of equilibrium. The most adeciuate description of homeostasis is 


* Hazleton, J. Am. Phann. .-Is-soc., 33, G5 (1014). 

^ Clark, Applied Phnrrnncolo{/u. TMakiston, Philadelphia, 1040. 

3 Goodman and Gilman, The Pharmacological Baais of Therapeutics. 


Saunders, 


Phila¬ 


delphia, 1941. 

< Hazleton and Koppanyi, Anesthesiology, 2, 42/ (1041). Maloney, 

Physiol., 25, 155 (1035). Barlow. .7. Lab. Clin. Med., 23, GOl (1038). 
Hazleton, J. Pharmacol. Exptl. Therap., 67, 276 (1939). 


J. Exptl. 
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the maintenance of a constant and optimal concentration of available oxy¬ 
gen, glucose, carbon dioxide, hydrogen ions, coenzymes, apoenzymes and 
other essential nutrients and environmental factors of the central nervous 
system. 

Failure of homeostasis results from disturbances of any of these 
factors, and the mission of analeptics is to compensate for these irregulari¬ 
ties. Changes in the composition of arterial blood carrying oxj^gen and 
glucose to the brain lead to respiratory depression or cessation. Any 
circulatory derangement, characterized by low blood pressure in the whole 
system or by purely local disturbance (cerebral arterial spasm, embolism 
or rupture) leads to similar symptoms. Vitamin deficiencies, acidosis, 
ketosis, uremia, drug poisoning, and other enzymatic disturbances of the 
central nervous system also cause acute central nervous depression. Ana¬ 
leptic drugs have to counteract any or all of these conditions, and an overall 
judgment of their mechanism of action is therefore very difficult to achieve.® 

Since analeptics are most effective when they arouse the organism from 
narcotic depression, the mechanism of action of narcotics and analeptics 
must be closely related. The most widely accepted explanation of the 
pharmacological mechanism of analeptics is one of physiological antagonism 
to depressant drugs: the stimulatory effect of analeptics on the central 
nervous system overbalances the narcotic effect of barbiturate poisoning. 
It has even been shown that a mixture of convulsive amounts of a hyp¬ 
notic and an analeptic drug can be injected without producing a marked 
effect in either direction. 

A biochemical explanation of the action of analeptics must thus be 
based on an understanding of the mechanism of hypnotics, and the latter 
is still obscure. Since the narcotics appear to inhibit dehydrogenases in 
carbohydrate metabolism, analeptics must cancel this inhibition. There 
is no evidence for the belief that analeptics promote the action of oxygen- 
transmitting enzyme systems such as cytochrome C; the stimulatory effect 
of analeptics on respiration had led to this assumption. 

Most students of analeptics agree that picrotoxin is the most potent 
central nervous system stimulatory drug. It is followed, in descending 
order by Metrazol and nikethamide. Three other active compounds, 

the alkaloids strychnine, atropine, and caffeine, are no longer used as 
extensively by the medical profession. 

Any compound which improves the metabolic effectiveness of the 
central nervous system will, of course, contribute to its normal functioning. 
The bioeatalysts of the vitamin B complex, as well as actual metabolite 
members of the carbohydrate cycles, have mildly analeptic properties. 

‘ Eckenhoff, Schmidt, Dripps, and Kety, J. Am. Med. Assoc., 139 , 780 (1949). 
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Addition of succinic, pyruvic or fumaric acid to the diet has proved valu¬ 
able in experiments with centrally depressed animals. Carbon dioxide is 
the stimulant of choice in many cases of respiratory depression. It acts 
by a physiological mechanism differing from other drugs and metabolites 
discussed here. 

II. PICROTOXIN 

Picrotoxin is an equimolecular compound of two dilactones, picro- 
toxinin (CuHicOe) and picrotin (CisHisO?). It constitutes the bitter prin¬ 
ciple of the berries of certain cocculus shrubs, for example, Anamirta 
cocculus or Cocculus indicus. Picrotoxin is the most powerful analeptic 
agent used in therapy, and a formidable pharmacological literature has 
accumulated on its properties. It is used exclusively for the treatment 
of barbiturate poisoning and intoxication by other central nervous de¬ 
pressants. 

The chemistry of the two constituents of picrotoxin has not yet been 
properly defined. Hydrolysis of either picrotoxinin or picrotin gives the 
same products, picrotic acid (XII-1) and a ketone, CuHieOa, which points 
to a common carbon skeleton (Xn-2) for both lactones.® This relation 
has been confirmed by a number of reactions.'^ It has also been pointed 



I 

Clh 

(XII-1) (XII-2) 


out that the proposed carbon skeleton links the constituents of picrotoxin 
to the sesquiterpene group, and establishes their relation to other stimula¬ 
tory lactones, such as santonin (XII-S).® 

It is not possible to pin a certain pharmacological activity on a given 
structural unit. This chapter dealing with analeptics of so many different 
types is ample proof for this postulate. Nevertheless, one cannot escape 

6 Angelico, Gazz. chim. ital., 41, 337 (1911); 42, 540 (1912). Mercer, Robertson, and 

Cahn, J. Chem. Soc., 997 (1935). , 

^Harland and Robertson, J. Chem. Soc., 937 (1939). O’Donnell, Robertson, and 
Harland, ibid., 1261 (1939). Kariyone and Sato, ibid., 50 (1943). Soater, ibid., 
143 (1943). 

8 Clemo, Haworth, and Walton, ibid., 2368 (1929). 
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CH, 

(XII-3) (XII-4) 


the observation that the lactone group is present in various stimulatory 
drugs, from the cardiotonic digitalis aglycones to santonin and picrotoxin. 

There exists also a generic relation between oxidation products of 
picrotoxinin and picrotin, and of tetrahydrocannabinol (XII-4), the phar¬ 
macologically active ingredient of Cannabis indica resin (hashish, mari¬ 
huana) which acts as a euphoric stimulant. A similar compound, 1- 
hydroxy- 3 - ?i-hexyl - 6,6,9 - trimethyl -7,8,9,10- tetrahydrodibenzopyran 
(XII-4a) has been introduced under the names of Synhexyl, Parahexyl 
or Pyrahexyl. Its euphoric effect resembles that of cannabis; it is said to 
reverse thalamic dysfunction, causing neurotic depressions. In spite of 

this, it has been tried in the treatment of depressive patients and drug ad¬ 
dicts. 


H3C 



(XII-4a) 


III. METRAZOL 

Metrazol, previously called cardiazole in Europe, is the name of 4,5- 

contains the unusual 

^mbmation of two condensed five- and seven-membered heterocyclic rings. 
There are many statements in the pharmacological literature that its 
formula was conceived in an imitation of that of camphor, “the six carbon 
ketone of camphor having been condensed with a nitrogenous chain in 
the way of a hydrazone”, but this idea completely lacks chemical back- 
ground. Metrazol stands by itself as a useful drug in the field of analeptics. 

Metrazo is one of the most rapidly acting, although not the most 
effective analeptic. Its ability to arouse individuals from barbiturate- 
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induced sleep has been found useful in terminating mild hypnotic intoxica¬ 
tion since only small doses of Metrazol are needed for this purpose. Larger 
doses of the drug cause convulsions. Metrazol is rapidly metabolized and 
destroyed in the liver and its action is therefore of brief duration. This 
quick disappearance from the system aids further a favorable therapeutic 
index in making a small analeptic dose of Metrazol a relatively safe thera¬ 
peutic tool. 

Larger, near-to.xic doses of Metrazol produce severe convulsions, and 
these are being used in the successful shock treatment of schizophrenia 
and other mental disorders. The high incidence of fractures of thoracic 
vertebrae caused by Metrazol convulsions makes it imperative to paralyze 
the muscles of the back, etc. by simultaneous injection of curare or curari- 
form drugs. Metrazol has implemented insulin in producing convulsions 
in psychiatric procedure, and has been replaced, in turn, by electroshock 
in many instances. 

Metrazol is synthesized from cyclohexanone and hydrazoic acid.^ 
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Many other tctrazoles derived from cyclic ketones have been prepared 
none of them has attained analeptic application. Starting from cyclo- 
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« Schmidt, U. S. Pat. 1,599,493 (1926); Ber., 57, 704 (1924). 
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heptanone and cyclooctanone and hydrazoic acid, the tetrazole derivatives 
(XII-6a and Gb) were preparedThey behaved like Metrazol but did 
not show any advantage over this drug. It is interesting that 2,3-cyclo- 
hexamethylenequinoline (XII-9), prepared from anthranilaldeliyde and 
cyclooctanone, exhibited a strong action on the heart. 

The tetrazole derivatives prepared from camphor, and from a mixture 
of a and /3-thujone, respectively, under the influence of hydrazoic acid 
have analeptic activity and are said to be free from paralyzing properties. 

Several basically substituted phenyl and naphthyl tetrazoles (XII-8) 
have been recommended as sedatives and anesthetics.”® 

ArN-CCH2N(C2H5)2 

N N 

\ / 

N 

(XII-8) 

IV. STRYCHNINE 


Strychnine (XII-9) is the principal alkaloid found in the poisonous 
nuts of the tropical tree, Strijchnos Jinx vomica, and is the cause of the toxic 
properties of these nuts. It is accompanied by several minor alkaloids, 
of which brucine and vomicine should be mentioned. Brucine (XII-10) 
is dimethoxystrychnine and has no value even as a poison for rats and other 
animal pests'^ for which strychnine is still widely used. Vomicine has 
found no particular use; its chemistry has been studied by Wieland. 

The structure of strychnine has offered some of the most obstinate 
hurdles to recent deductive analysis. It has been elucidated by studies 
comprising almost two hundred papers by Leuchs, by Robinson and finally 
by Woodward.>=> There is nothing in its formula to explain its pliysiological 
properties in comparison with that of much less complicated analeptics. 
It IS even harder to explain the failure of brucine as a therapeutic agent on 
the basis of the minor substitutions of the strychnine molecule. 

Pharmacologically, strychnine is diametrically opposed to the action 
of the barbiturates. It is sometimes possible to use strychnine in arousing 
a patient from barbiturate sleep but ordinarily the alkaloid exerts this 
action only m toxic doses. Vice-versa, strychnine poisoning and convul¬ 
sions can be overcome by short-acting barbiturates. The only reliable 


‘oiluzicka, Goldberg, and Hurbin, Helv. Chiin. Acta, 16, 13.35 (1933) 

" Schmidt, U. S. Pat. 2,029,799 (1936). 

Harvill and Ilerbst, U. S. Pat. 2,470,085 (1949). 

u Blakiston, Philadelphia, 1949, p. 561 ff. 

Woodward and Brehm, J. Am. Chem. Soc., 70, 2107 (1948). 
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actions of small non-toxic doses of strychnine are its increase of the tone of 
skeletal muscle following general anesthesia, and its stimulation of respira¬ 
tion in deep centrally depressed states. 



(XII-9), R = H 
(XII-10), R = OCH 3 


V. THE XANTHINES 


Only two xanthine derivatives are employed as analeptics, namely, 
caffeine and theophylline, and even the more potent of the two, caffeine, is 
used only to a limited extent. Caffeine is still given intramuscularly in 
cases of morphine poisoning. There are several side-effects of both caf¬ 
feine and theophylline which can be exploited therapeutically. The diu¬ 
retic action of these compounds will bo discussed in Chapter XV. They 
also produce coronary vasodilation and hsLve therefore been used in angina 
pectoris. Theophylline, combined with ethylenediamine (see Chapter XV) 
is widely used in bronchial asthma, and in certain heart diseases (paroxys¬ 
mal nocturnal dyspnea due to left ventricular insufficiency). Perhaps the 
best known use of caffeine is in headaches but here it is usually taken in the 

form of coffee rather than as the pure drug. 

Caffeine (XII-11) occurs in the seeds of Cojfea arabica from which 
coffee is made, as well as in tea (1-4.8%), the dried leaves of Thea sinensis. 
This product also contains theophylline. Other sources of caffeine i^dude 
mat^, which is widely drunk in South America and contains 1.25-2% of 
the alkaloid. The African kola nut contains 2.7-3.6% of caffeine, and an 
even larger percentage (up to 5%) is found in the South American guarana 
paste In all these materials, caffeine occurs in the free state or as t e 
potassium chlorogenate. Chlorogenic acid (XII-12) is a depside of eaffe.c 

Theobromine (XII-13) is the main alkaloid of the beans of Theohroma 
cacao. It is barely stimulatory on the central nervous system but has 


considerable diuretic activity. 

Theophylline (XII-14) occurs in small amounts in tea 

factored entirely synthetically. 


but is manu- 
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Coffee is the most common source of caffeine in its native form. Cof¬ 
fee contains approximately 1.29% of caffeine, one cup of coffee correspond¬ 
ing to 100-150 mg. of the alkaloid. On the basis of a recent estimate, 
the American people consume about five to six million kilograms of caffeine 
per year in coffee alone. The amount consumed in tea must be added to 
these figures. The regular and continued ingestion of caffeine has raised 
the question as to whether habituation to the drug is a menace to health. 
It is most probable—although not certain—that mild habituation to caf¬ 
feine occurs in many individuals, but severe untoward effects have not been 
observed as a result of this habit. 
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HQ< C ^ CH^CHCOOCH 
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CXII-13) (XII-11) (XII-14) 

The chemistry of purine derivatives has been reviewed several times 
in recent years,and only a bare outline of the medicinally important 
xanthine derivatives shall be given here. 

^ Caffeine is 1,3,7-trimethylxanthine, theobromine is the 3,7-dimethyl 
derivative, and theophylline 1,3-dimethyIxanthine. All three substances 
can be obtained synthetically by the method of Traube'® but caffeine is 
usually manufactured by special methods. 

A certain amount of caffeine is still obtained by extraction of tea 
wastes with boiling water, precipitation of tannins with magnesium hy¬ 
droxide and evaporation of the filtrate. The manufacturers of caffeine- 
free coffee obtain the alkaloid as a by-product. Most commonly, caffeine 
13 now prepared by methylation of theobromine with methyl sulfate in 
alkaline medium Theobromine is an otherwise useless by-product ob- 

of'chlolate manufacture of cacao and 




“Johnson, in Gilman, Organic Chemistry, Vol. II. 

Lythgoe, Quart. Revs. London, 3, 181 (1949) 

« Traube, Ber., 33, 1371, 3035 (1900). 

“ Biltz and Damm, Ann., 413, 190 (1916). 


Wiley, New York, 1938, p. 948. 
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Much of the caffeine prepared in this manner is added to “soft drinks” 
which owe their mildly stimulating action to this drug. 

The chemistry and manufacture of theophylline may be studied in 
connection with its use as a diuretic (Chapter XV). 

Considering the fact that caffeine is much more stimulatory than its 
lower dimethyl homologs, theobromine and theophylline, and that xanthine 
and 1, 9-dimethylxanthine are inactive, the metabolic fate of caffeine in 
the organism is noteworthy. Caffeine is demethylated biologically to 
some of these less analeptic compounds, in man primarily to theophylline, 
in the dog to theophylline, theobromine, paraxanthine and 3-methylxan- 
thine.‘^ It has been suggested that the liberated methyl radicals may be 
responsible for the action of caffeine** but it is more likely that the struc¬ 
ture of the whole molecule, plus its rate of enzymatic degradation contrib¬ 
ute to the observed effect. If one would lend credence to the hypothesis 
that the liberation of methyl groups accounts for the analeptic activity of 
caffeine, one could expect choline (HOCn 2 CH 2 N(CH 3 ) 3 'OH) to be pro¬ 
nouncedly analeptic since the main biochemical function of choline is to 
supply methyl groups for transmcthylations. There is no pharmacologi¬ 


cal basis for this assumption. 

A superficial inspection of the formuhis of the analeptically active 
xanthine derivatives, and a comparison with those of the hypnotic barbi¬ 
turates, might point to the possibility of chemical antagonism between the 


two types inasmuch as both contain the dioxypyrimidine ring. 


There is. 


however, no biochemical evidence for any degradation of xanthines to 
pyrimidine derivatives in animals or man, and any suggestion of chemical 
antagonism between caffeine and the barbiturates must remain speculative 


at this time. 


VI. CORAMINE 

Coramine (nikethamide) is N,N-diethylnicotinamidc (XII-15). It is 
synthesized from nicotinic acid by way of nicotinoyl chloride. 

/Nx 

.^C0N(C2H6)2 
(XII-15) 

The main use of Coramine is to counteract excessive respiratory depres¬ 
sion following the administration of barbiturates. Other amides of ntco- 

Kruger and Schmid, .Z. pA»/5ioi. C/iem., 36, 1 (1902). 

>8 May and Dyson, Mai/s Chemistrxj of Synthetic Drugs, 4th ed. Longmans, uree , 
New York, 1939, p. 14. 
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tinic acid (the dimethyl-, dipropyl-, diisobutyl- and diallylamides) are 
much less active. Regardless of this optimal position of Coramine, its 
analeptic effect is hard to explain. It may be that its rate of hydrolysis 
to nicotinic acid is especially favorable; however, the latter has no unusual 
stimulating effects. Coramine and other amides of this series do have a 
weak antipellagric action (see Chapter XXVIII). 

Many other tertiary amides have been tested as analeptics, with the 
hope of improving upon the rather moderate activity of Coramine. The 
diethylamide of thiazole-5-carboxylic acid (XII-16) has been reported to 
be an effective analeptic agent. Its synthesis was prompted by a considera¬ 
tion of the isosteric relations between the pyridine and thiazole ring systems. 
Other examples include tetrahydropyran-4,4-dicarboxylic acid bis-diethyl- 
amide. 


(C2H5)2NC0/® 
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•N 


(XIM6) 


VII, ANALEPTIC INHIBITORS OF AUTONOMIC GANGLIA 

Several alkaloids and drugs have the ability to stimulate and then 
persistently depress all autonomic nervous ganglia. They follow the com¬ 
plicated pattern set by nicotine, the prototype of this class of compounds. 
None of these substances are used any longer in medicine but they command 
a certain historical interest. Their stimulation of the respiratory centers 

would become valuable only at convulsive doses, and they have therefore 
no therapeutic significance. 

Nicotine (XII-17), the main alkaloid of tobacco has retained a certain 
stimulating role since many smokers claim that it aids them to get over a 
feeling of tiredness. Lobeline (XII-18), the main alkaloid of Lobelia (In¬ 
dian tobacco) has similar properties. Its analeptic effect has been put 
into use in experiments to resuscitate new-born infants. 
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(XII-18) 


The stimulating effect of cyanide and sulfide ions on aortic and carotid 
bodies IS probably due to the known activation of various enzyme systems 
by these ions. The lift” obtained by alcohol, and even by ether vapors, 
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can be observed more clearly when these reagents are injected subcu¬ 
taneously. 

The rather incoherent assortment of analeptics listed in the preceding 
paragraphs would not be complete without mentioning some substances 
which produce similar effects by irritation. Smelling salts and ammonia 
belong in this group. 

VIII. CAMPHOR 

Camphor is a crystalline optically active component of the volatile 
essential oils obtained from the wood and bark of the oriental tree, Cin- 
narnomum camphora. Racemic camphor is also manufactured synthetic¬ 
ally. Its main use is in the plastics industry but its medicinal application 
has not yet been completely abandoned. Camphor is used as a circulatory 
and respiratory stimulant of rather uncertain effect. It has to be injected 
for this purpose and acts probably by eliciting reflexes to the painful local 
irritation it produces. 

This irritating action on parenteral injection has led to a search for 
related compounds which might be free from this side-effect. Since cam¬ 
phor is a cyclic ketone (XII-19), other substances having this stmctural 
unit have been primarily considered. Attempts have also been made to 
prepare water-soluble derivatives of analogs of camphor. 

CH3 



The drug Hexetone (3-methyl-5-isopropylcyclohexene-2-one-l, XII- 

20 ) has been used as an analeptic but has barely any therapeutic signifi¬ 
cance today. It is isomeric with camphor and, like the latter, insolub e 
in water. However, it can be dissolved in solutions of salts of organic 
acids such as sodium benzoate, sodium salicylate, potassium isovalerate, 

Hexetone has been prepared*^ by condensing isobutyraldehyde with 
two moles of ethyl acetoacetate to ethyl a,a'-diacetyl-^-isopropylglu ara e 

Bayer & Co., German Pat. 386,486 (1922). 
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(XII-21). The condensation is catalyzed by piperidine at low tempera 

tures. Acids convert this ester to ethyl 3-methyl-5-isopropylcyclohexene- 

2-one-l-4,6-dicarboxylate (XII-22) which can be hydrolyzed and decar- 
boxylated by acids or alkalis. 

CH3COCH2COOC2H6 CH3COCHCOOC2H6 


CH 3 0=CHCH(CH3)2 
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IX. PRESSOR DRUGS AS ANALEPTICS 

A number of sympathomimetic amines have been found valuable as 

analeptics, and their ability to stimulate and excite the central nervous 

system overshadows in some cases their usefulness as pressor drugs and 
bronchodilator agents. 

-table I. Phenethylamine Derivatives Used as Analeptics 
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H H M “ Benzedrine 

OH H n CH H Dexedrine 

II H ow r^ij* ^ Paredrine 

H H TT S!t’ Ephedrine 

-—---__ Desox yephedrine 

The criteria of analeptic activity in this group of amines appear to be 

^ carbon atom of the side chain, but exceptions to this rule are known In 
gh doses, these drugs cause convulsions like all other analeptics in chemi 
cally different series, and the production of hypertension and tachycaMia 
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must be regarded as undesirable side-effects if the compounds are adminis¬ 
tered as analeptics. However, their hypertensive properties are material 
in increasing the blood supply to the brain, and this may be part of their 
analeptic mechanism. 

The pressor amines used as analeptics are listed in descending order of 
potency in Table I. They will be discussed extensiv'ely in Chapter XIX, 
and the reader is referred to that section for details. 

In addition, the non-aromatic drugs, Tuamine and Octine, as well as 
the imidazoline derivative Privine have been used as central nervous system 
stimulants. 

X. CHLOROPHYLL AS A THERAPEUTIC AGENT 

Chlorophyll, the green pigment of the plant kingdom, consists of two 
components, chlorophyll a and b. The chemistry of these magnesium- 
containing porphyrine complexes has been studied extensively by Hans 
Fischer and by C’onant. Natural chlorophyll can be extracted readily 
from various leafy plants and lias been introduced into medicine by Blirgi.^® 
Although it can barely be classified as an analeptic in the sense used 
in this Chapter, chlorophyll has been shown to improve many pathological 
conditions in a general way. Beneficial activity has been attributed to 
chlorophyll in the stimulation of growth, metabolism, respiration, hemo¬ 
poiesis, in arteriosclerosis, hypertension etc. It has undoubtedly some syner¬ 
gistic effects in the granulation of tissues, and the liealing of wounds and 

burns under the influence of antibiotics. 

Chlorophyll is produced commercially bj'^ extraction of stinging nettles, 

spinach and alfalfa just before the flowering stage. 

Rectal installation of chlorophyll has proved beneficial in cases of 
ulcerative and spastic colitis.^* Perhaps the greatest use is made of chloro¬ 
phyll as a deodorant. It absorbs odors by an unexplained mechanism, and 
can be taken orally to preclude various l>ody odors, including those in 
perspiration, mouth and intestinal odors, odors from gangrene, etc. 

20 Biirgi, Das Chlorophyll als Pharmakon, Thieme, Leipzig, 1932. Kothemund, "Chlo¬ 
rophyll,” in Glasser, Medical Physics, Year Book Pul)lishers, Chicago, 19-44. 

*' Rafsky and Krioger, Rev. Gastroenterol., 15, 549 (1948). 
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Cardiovascular Drugs 


Among the drugs in this group are substances which stimulate or 
depress the heart by different mechanisms. Some of them alter the blood 
supply to the heart by constriction or dilation of blood vessels. "I'liey are 
used in many forms of heart disease, in angina pectoris, heart failure, 
cardiac edema, arrhythmias and auricular fibrillation, and in related condi¬ 
tions. They include particularly the nitrites, the digitalis aglucones, and 
khellin and visnagin. Certain drugs which act upon the heart indirectly 
by action on the central or peripheral nerves controlling heart action are 
treated in other Chapters of this volume. 

The heart muscle, and the muscle cells of the artery walls are, like all 

other muscles, subject to the biochemical events which govern their ability 

to contract and relax. The contractile structure of muscle consists of a 

protein complex, actomyosin, which can be cleaved into myosin, a crystal- 

hzable protein, and another protein, actin. The latter exists in two forms 

as globules and as long threads. The actin globules have a molecular 

weight of 70,000, the threads of 1,500,000. About twenty of the actin 

globules can unite to form one actin thread, and several threads associate 

to fibers. ^ To these fibers are attached the long, thin colloidal myosin 
molecules in the actomyosin complex. 


The reactions of this complex are slow. Activation leading to con- 

<=a.talyst. adenosine triphosphate 
(ATP) (XIII-l), Muscle without ATP cannot flex. The straight and 
stretched actomyosin filaments become unstable under the influence of 

ATP, lose their electric charge, dehydrate, shrink and fold up into shorter 
more stable fibers containing less energy. ’ 
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It may appear from the foregoing remarks set forth by Szent-Gyorgyl^ 
in a lucid article that ATP could become an invaluable therapeutic tool 
in stimulating muscles and especially heart muscle. ATP is now available 
commercially, and encouraging results in conditions in which dysfunction- 
ing of muscle is involved have been reported. 

If, as it now seems likely, the endothermic nature of the triphosphate 
group in ATP is the source of energy for the contraction of muscle, 
any drug which supports the synthesis or accumulation of ATP should be 
musculotonic. It is as yet unknown whether the cardiotonic drugs and 
cardiovascular regulators discussed in this Chapter act by a mechanism 
involving ATP. 

In addition to its effect on the heart muscle, ATP has been found to 
possess potent vasodilator action without much depressor side-effects. 
This property may aid by increasing the blood supply to the heart. 

I. DIGITALIS 

Plants of the order Apocunaceae, as well as Liliaceae, Ranunculaceae 
and Scrophuloriaceae contain steroids which exert a pronounced and specific 
action on the heart muscle. The common pharmaceutical preparations 
consist of the dried .seeds and leaves of Digitalis purpurea (purple foxglove). 
Other preparations come from the bulbs of the Mediterranean sea onion or 
scpiill {Sicilla maritima), the seed.s and barks of Slrophanthus {S. hispidus, 
S. oratus, S. kombe) and other equatorial African plants. 

The steroids from these plants are highly poisonous glycosides which 
can be hydrolyzed to non-saccharides and sugar-free components called 
cardiac aglycones or genins. The pharmacological activity of the cardiac 
glycosides resides in the aglycone portion, but the sugar component modi¬ 
fies their absorption and distribution in such a way as to bring out the 
maximum cardiotonic potency of these toxic materials. 

1. Pharmacological Properties and Clinical Uses 

The digitalis glycosides had been used for centuries as ordeal drugs 
like physostigmine (Chapter XXI) and as arrow poisons but their introduc¬ 
tion into the therapy of heart disease did not materialize until 1785. In 
that year, the English botanist and physician Withering published a 
volume entitled “An Account of the Foxglove and Some of its Medical 
Uses; with Practical Remarks on Dropsy and Other Diseases”. Withering 
foresaw many of the uses and modern developments of digitalis, althougi 
he misunderstood the mechanism of their physiological action. It is now 

' Szent-Gyorgyi, Sciencey 110, 411 (1949). 

** Folkow, Acta Physiol. Scand.^ 17, 311 (1949). 
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known that dropsy which responds to digitalis therapy results from cardiac 
dysfunction. Digitalis acts directly on the heart muscle fiber. It increases 
the output of blood volume per stroke by strengthening the force of systolic 
contraction and consequently emptying more completely the ventricle. 
This permits the heart muscle to take care of the next return of venous 
blood and to rest between the phases of the cardiac cycle. Heart rate is 
slowed in the weak and irregular contractions of auricular fibrillation, and 
diastolic heart size is decreased. By decreasing venous pressure, fluid ac¬ 
cumulating between the tissues can now re-enter the circulatory system 
and reach the kidney where it is excreted. Digitalis has thus a diuretic 
effect which increases its value as the drug of choice in congestive lieart 
failure. In addition, heart failure without abnormal rhythm or rate is also 
aided by digitalis. 

The digitalis glycosides bring only temporary relief, and must be ad¬ 
ministered orally during the whole course of the disease, that is, usually 
over the remaining life span of the patient. Parenteral administration 
(digitalization) is used only in emergencies. The toxic dose of digitalis 
lies close to the therapeutic dose, and nausea, salivation and other common 
manifestations of the toxicity syndrome lead up to incoordinated contrac¬ 
tion of the heart (ventricular fibrillation), the usual cause of fatal digitalis 
poisoning. The dose inducing this condition in 50% of the animals (LDw) 
forms one of the standards in the bioassay of the medicinal drug. The 
standard test is to inject the drug intravenously into anesthetized animals 
(cats) and increasing the dose until the LDw is reached Another test 
is based on the effect of glycosides on the isolated heart muscle. 

No other muscle is affected nearly as much by digitalis as is the heart. 
Comparatively huge doses of the drug mixture are only musculotonic in a 
non-specific manner. 

2. Chemistry 

The poisonous principles of digitalis occur in the drug in very small 
quantities, and are very difficult to purify. Several chemically similar 
compounds are usually found in the same plant, and are furthermore con¬ 
taminated with other, cardiotonically inactive steroids of the saponin 
class. The separation of the individual glycosides, and their crystalliza¬ 
tion as pure substances is complicated further by the ease with which the 
sugar moieties are lost hydrolytically. These difficulties are the cause of 
the contmued use of the crude drug mixture in therapy instead of selecting 
pure digitalis glycosides for special medicinal purposes. Fortunately, the 
mixture of the heart poisons as it is present in the dried plant material exerts 

(19«T Wol.enberger, Phar^^ol. 
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an overall cardiotonic effect which does not differ substantially from that of 
its individual constituents. This is due, in part, to the fact that hydrolysis 
of two or more glycosides usually yields the same active aglycone. 

T. he methods of separation and purification of the cardiac glycosides 
have been reviewed by Fieser and Fieser.^ Their article also gives a detailed 
picture of the chemical work of Windaus, and of Jacobs which had led to 
the now accepted structural formulas of these drugs. The careful investi¬ 
gations of Stoll have clarified the nature of several of the unaltered, origi¬ 
nal heart poisons."* Jhe older studies in this group had regarded the gly¬ 
cosides digitoxin, gitoxin and digoxin as the original plant products but 
had overlooked the fact that hydrolytic enzymes present in the plant 
materials had cleaved the original glycosides even under mild extraction 
conditions. By deactivating the enzymes, for instance, digilanidase, the 
genuine glycosides (digilanides) could be preserved and were found to be 
hydrolyzable to glucose, acetic acid, and what had once been regarded as 
the original glycosides. These latter secondary products were now re¬ 
classified as progenins, since further hydrolysis cleaved them to the agly- 
cono (or genin) and a specific carbohydrate. These steps shall be demon¬ 
strated for the case of digilanide A, the precursor of digitoxin. In this 
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Digitoxose 


scheme, digilanide A is the original plant glycoside, digitoxin a progenin, 
digitoxigenin an aglycone, and digitoxose the specific sugar of this series. 

The acid hydrolysis of the progenins is carried out best in methanoP or 
acetone® medium. Aqueous hydrochloric acid requires such drastic condi- 

® Fieser and Fieser, Natural Products Related to Phenanthrene, 3rd ed. Reinhold, 
New York, 1949, pp. 507-577. 

♦Stoll and Kreis, Helv. Chim. Acta, 16, 1049, 1390 (1933); 17, 595 (1934); 18, 120 
(1935); Z. Physiol. Chem., 235, 249 (1935). Stoll, J. Pharm. Pharmacol., 1, 849 
(1949). 

6 Voss and Wachs, Ann., 522, 240 (1936). Voss and Vogt, Ber., 69, 2333 (1936). 

® Mannich and Siewert, Ber., 75, 737 (1942). 
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tions in some cases that the aglycones are dehydrated with the loss of alco¬ 
hol groups. 

a. The Monosaccharide Moieties 

The sugars obtained from the progenins are glucose, and the desoxy- 
hexoses rhamnose (XIII-2); its 5-epimer, antiarose (XIII-3); digitoxose 
(XIII-4); digitalose (XIII-5); cymarose (XIII- 6 ); and similar 2-desoxy-, 
2, 6 -bisdesoxyhexoses or their methyl ethers. Only glucose and rhamnose 
occur in other materials as well; all the other monosaccharides in this 
group are found exclusively in the digitalis glycosides. 
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b. The Aglycones (Genins) 

(1) Structure 

The steroid substances remaining as the end-products of the hydrolytic 
cleavage of digitalis and strophanthus glycosides have the general formula 
C 23 H 3404 ^ 8 . They are derivatives of perhydrocyclopentanophenanthrene, 
and all carry an unsaturated lactone group in position 17. They are sub¬ 
stituted by alcohol groups in different positions, mainly in position 3 , 5 , 
12, and 14. Most of the aglycones contain angular methyl groups in 
positions 10 and 13 but aldehyde or primary alcohol groups are also en¬ 
countered in position 10 . 

The sterical configuration of the cardiotonic aglycones has been studied 
extensively. The alcohol groups at C 3 and C 5 and the lactone rings have 
the ^-configuration, the junctures of rings A/B are usually cis, those of rings 
B/C trans. However, the C/D-ring configuration is cis while it is trans 
in the sterols. This gives the /3-orientation to any hydroxyl group that 
may be present at Cu. 

The names and structural formulas of the cardiotonically most im¬ 
portant aglj'cones are listed in Table I. The other columns give the glyco¬ 
sides (or, in a few cases, the progenins) from which the aglycones are derived, 
and the names of the monosaccharides found in the corresponding glycosides. 
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Sarmentogenin HO Sarmentocymarin Sarmentose 
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(^) SytUhesis of Cardiac Genius 

Synthetic experiments for the construction of unsaturated steroid 
lactones, starting from readily accessible steroid hormonal substances 
have been reported by Elderfield, by Ruzicka and by Reichstein.® Apart 

(a) I^C00H->-RC0C1^RC0CHN2^RC0CH20 Ac 

(b) RCOCHs^RCOCHzOAc 



OH 



(XIII-10) 


’ Known only as the anhydroaglycone which has lost H 2 O (OH at Cu) at Cm— Cn. 
® Known only as the anhydroaglycone which as lost HaO (OH at C^) at Ci—C 4 . 

» See the review by Turner, Chem. Revs., 43, 1 (1948). 
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from the scientific interest attached to these syntheses, they could ulti¬ 
mately achieve the desirable practical goal of making available pure cardio¬ 
tonic steroids which would not have to be standardized by bioassays. So 
far, none of the naturally occurring cardiac poisons has been synthesized. 

As an example of sjmtheses of steroid unsaturated lactones, the pi'cp- 
aration of 3(/3)-acetoxy-A®-etiocholenylbutcnolide (XIII-10) shall be de¬ 
scribed. It starts from 3(i81,21-diacetoxy-A^-pregnen-20-one (XIII-7) 
which in turn can be prepared (a) either from the appi’opriate bile acid by 
way of the acid chloride and diazoketone, or (b) from the corresponding 
methyl ketone by oxidation with lead tetraacetate. The acetoxy ketone 
(XIII-7) is subjected to a Reformatsky reaction with ethyl bromoacetate 
and zinc, and the resulting hydroxy ester fXIII-8) is cjx-lized and dehy¬ 
drated to the unsaturated lactone (XIII-10). The intermediate h 3 'dro.\y- 
lactone (XIII-9) can be isolated occasionally. 

The Reformatsky reaction can also be performed with 17-acctyl 
steroids (XIII-ll). The hydroxy ester from this reaction (XIII-12) is 
then dehydrated, and the methjd group of the crotonic ester derivati\'e 
(XIII-13), activated by the conjugated system, can be oxidized to—CITOII 
with selenium dioxide; the primarj'^ alcohol formed lactonizes immediatelj'’. 

The jdelds are much more satisfactory in a modification of this sjm- 
thesis*® which subjects the diazoketone (XIII-14) directly to a condensa- 
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Plattner and Heusser, Helv. Chim. Acta, 28, 1044 (1945) 
Kulkarni, ibid., 31, 1822 (1948). 


Plattner, Heusser, and 
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TABLE II. Simple o-./S-Butenolides Synthesized as Models for Natural 

Digitalis Aglycones 
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Name of «, 5-Butenolide Reference 


4-Hydroxycyclohexyl- 


3,4-DihydroxycycIohexyl- 


Phenyl- 

p-Hydroxyphenyl- 

m-Hydroxyphenyl- 

Decahydro-2-naphthyl- 


CH 2 
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6-Hydroxy-2-naphthyl- 

16 

K/' 




CHR 
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l-IIydrindanyl- 

16 


4-Methoxy-4'-(a,/3-diethyl 
stilbene)- 


C 2 H 5 


Meystre and Miescher, Helv. Chim. Acta, 27, 1153 (1944). Plattner and Uffer, 
ibid., 28, 1049 (1945). 

Hardegger, Plattner, and Blank, Helv. Chim. Acta, 27, 793 (1944). 

“ Hardegger, ibid., 29, 1195 (1946). 
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tion with bromoacetic acid. The ])r()ino compound (XIII-15) can be lac- 
tonized in good yields under the influence of zinc and ethyl brornoacetato, 
perhaps by an intermolecular mechanism. 
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The double bond in the lactone rings of the synthetic lactones i.s not 
located necessarily in the same position as in the natural aglyconcs but 
hydrogenation gives saturated lactones, and several of these have i)ro\ed 
identical with the reduction products of the natural genins. 

Two of the synthetic unsaturated lactones obtained by methods de¬ 
scribed above have been converted to the respecti\’e glucosides and malto- 
sides." The synthetic methods have also been applied to simpler a,0- 
butenolides in which the lactone group is attached to aromatic nuclei, 
hydroxy substituted cyclohexjd groups serving as models for steroid sys¬ 
tems, and other saturated rings. There has been no report about the cardiac 
activity of these model compounds. 
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Linville and Elderfield, J. Org. Chem., 6, 270 (1941). 
Marshall, Kuck, and Elderfield, ibid., 7, 444 (1942). 
Knowles, Kuck, and Elderfield, ibid., 7, 374 (1942). 
Linnell and Said, J. Pharm. & Pharmacol., 1, 151 (1949). 
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Alcoholic hydroxyl groups have been introduced into synthetic analogs 

of cardiac aglycones by methods used in other steroids. For example, per- 

acids can be added to the Cw-Cu double bond, and hydrogenation of the 

epoxide furnishes Cu alcohols. The position of the alcoholic hydroxyl is 

deduced from its resistance to acetylation and to oxidation with chromic 

acid. Besides the alcohol (XIII-16), a deoxygenated derivative (XIII-17) 

IS also obtained. The reaction products must be separated chromato- 
graphically. 


3. Toad Poisons*® 


The skin glands of the poisonous toad (^Bufa) secrete a venom which 
has been used in the Orient for the stopping of bleeding and as an analgetic, 
and in Europe as a remedy for dropsy prior to the introduction of digitalis. 
The venom has a cardiotonic and toxic action of the same magnitude as 
the foxglove drug. 

The hemostatic pressor, and perhaps the analgetic properties of toad 
venom are caused by a high percentage of epinephrine, bufotenine (XIII- 
18), and bufotenidine (XIII-19). Bufotenin is 5-hydroxy-N, N-dimethyl- 
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tryptamine, and bufotenidine is its betaine. Both compounds have been 
synthesized for comparison with the authentic natural materials.*® One 
cannot overlook the structural similarity of bufotenine and the cholinergic 
calabar bean alkaloid, physostigmine (XIII-20), whose properties will be 
discussed in Chapter XXI. 

See the review articles by Shoppee, Ann. Rev. Biochem., 11, 135 (1942); and Fieser 
and Fieser, Natural Products Related to Phenanthrene, 3rd ed., Reinhold, New 
York, 1949, pp. 660-577. 

Wieland, Konz, and Mittasch, Ann., 513, 1 (1934). 
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The cardiac poisons in toad venom have tlie same steroid a,^-unsatu- 
rated lactone structure which is characteristic of the digitalis gonins. In 
place of sugar components, they contain suberylarginine, n() 2 C(CIl 2)6 
CONHCH(COOH)(CH 2 ) 3 NHC(=NH)Nri 2 , as a conjugating unit. 

Only two genius and one conjugate have been adequately characterized. 
They are bufotaline and its suberylarginine conjugate, bufotoxin, as well 
as bufalin. The structure of bufotoxin (XIII-21) as accepted now was 
established by Wieland between 1922 and 1936, that of bufalin (XIII-22) 
by Meyer.-® It should be noted that bufalin resembles digitoxigenin 
structurally and sterically but contains a six-membered lactone ring. 


CH, 
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(XIII-21) 



(XIII-22) 


4. Structure and Cardiotonic Activity 

In a series of compounds whose homogeneity and purity has been 
subject to so much discussion, and whose bioassay rests on methods of 
questionable value, the values obtained by one investigator and under 
comparable conditions afford the best means of comparison of their ac¬ 
tivity. Sixty-three glycosides and genins have been measured by Chen^* 
and the following conclusions have been drawn from his figures This 
author has expressed the LD«, both in mg./kg., and in micromoles/kg. 

Kuno Meyer, Experientia, 4, 385 (1948); Helv. Chim. Ada, 32, 1903 (1949) 

» Chen, Ann. Rev. Physiol., 7, 681 (1945). Stoll, J. Pharm. Pharmacol., 1, 849 (1949). 
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TABLE III. Toxicity of Various Lactones, Ptrones and Furan 

Derivatives on the Isolated Frog Heart**-** 
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Table III {Continued) 





C) 

Kojic Acid Furfural Furfurj-l Alcohol Nitrofurazonc 

10;205 10;165 10; 150 O.S; no standstill after 10 hours 


If the latter values are studied, the ditVercnces between the individual drugs 
are less striking than on the mg./kg. scale. Since the compounds arc so 
highly toxic, smaller actual therapeutic doses are of real advantage, and 


evaluation on this basis may give a better picture of their usefulness. 


The glycosides having a 2-dcsoxysugar component are mucli liardcr to 


hydrolyze tlian those with a 2-hydroxy sacchai'ide. If rate of hydrolysis 
to the genin were a decisive factor for cardiotonic activity, the 2-desoxy 


saccharides would be expected to he less active. This is actually the ca.se 


in a few instances but no generalizations can be drawn concerning this 
point. Rhamnose seems to be present in several more active glycosides 
while the same genins, in conjunction with thevetose, are much less active. 


In any case, the unconjugated aglycones are on the wliole less active than 


their glycosides. Acetylatcd aglycones are somewhat more active than 
the parent secondary alcohols. 


Saturation of the «,j3-unsaturatcd lactone rings abolishes activity. 
There is no marked difference between the activity of glycosides containing 
butenolide or pentenolide rings. The aUlchyde group in stroidianthidin 
can be reduced to —0112011 (strophanthidol) without loss of activity but 
oxidation to carboxyl abolishes it. The stereochemistry of the sterane 
ring system is apparently of great importance. I'he lactone group must 
have the normal sterical relation to the cyclopentane ring. One aglycone 
having the cis configuration at the A/B ring juncture is about 15 times more 
active than its stereoisomer (A/B trans). 

An extensive study of the cardiotonic properties of fourteen synthetic 
lactones and .several related structures has recently been published .=2 xiie 
compounds are represented in Table III. 

From these data one can conclude that unsaturated lactones are more 
active than their saturated analogs, especially if the double bond is in the 


22 Giarman, J. Pharmacol. Expll. Therap., 94, 232 (1948); 96, 119 (1949). 

22 The first figure under the name of each compound represents concentration of mg. 
in 100 cc. which brings about cardiac arrest in a given time. This time is 
e.xpressed in minutes in the second figure. 
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A-2 position of the lactone ring. A-3 -Unsaturated lactones were almost as 
active, provided their double bond was part of a conjugated system. Al¬ 
kylation of the lactones decreases activity. 

The 7 -pyrones which were studied as analogs to lactones showed a high 
order of activity when containing a conjugated system of double bonds. 
Furans no longer possessed much cardiotoxicity and failed to induce systolic 
standstill like the other compounds listed. 

II. VERATRINE ALKALOIDS 

Interest in the potential therapeutic value of alkaloids from Veratrum 
species has been revived recently through the clinical work of Krayer.^^ 
These compounds and their derivatives decrease the rate of respiration and 
have effects on heart and circulation similar to those of the cardiac glyco¬ 
sides. Like the latter, they are conjugates of steroid glycols or hydroxy 
ketones, but contain a mono- or bicyclic nitrogen ring system in place of 
the lactone ring. The nature of the heterocyclic system is not quite clear; 
it has been represented as shown in (XIII-23) for the alkamine cevine. 

HO 



HO I 

OH 

(XIII-23) 

The therapeutic margin of safety of the veratrine alkaloids is low. 
Only protoveratrine seems to lower blood pressure without nauseating 
side actions. The conjugates are often ten times more active than the prod¬ 
ucts of hydrolysis, the steroid alkamines. 

III. KHELLIN AND VISNAGIN 

The seeds of the Eastern Mediterraean plant Ammi Visnaga contain 
a number of furanochromone derivatives which have a specific local di¬ 
lating action on the coronary vessels of the heart in animals and in man. 
The pharmacological and medicinal observations stem largely from a 

Krayer and Acheson, Physiol. Revs., 26 , 383 (1946). 
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group of Egyptian investigators led by Anrep, Samaan, and Bagoiiri. 
Iheir clinical findings indicate that khollin (also called \’isaininin), and 
possibly some of the materials accompanying this main constituent in the 
plant, arc powerful coronaiy vasodilators whose si)ccifi(^ action brings lelief 
from the spastic pain of angina peertoris and other heart dist‘ases. In 
addition, bronchial asthma is also said to be relieved by khellin by relaxa¬ 
tion of the bronchial muscles. This affords symptomatic relief in whooping 


cough. 

The chemistry of the compounds found in Visnaga was studied 

by Spath and Gruber-^ who elucidated the structure of khellin (XI11-24) 
as 2-methyl-5,9-9-dimethoxyfuranochromone by degradation to khelli- 
none (XIII-25). This o-hydroxyketone was degraded further to known 
simpler substances. They also re-synthe.sized khellin from khcllinone 
by heating with sodium acetate in acetic anhydride medium by a typical 
chromone ring closure. 


OCIb 

/Ox/V/Oxcir 




CH3O o 

(XIII-24) 


IlCl 


OCII3 




COCHa 


OCII3 


(XIII-25) 


NaOAc 

AcjO 


OCH3 


CH30 



COCH 


o 


A complete synthesis of khellinonc and a more lucid chromone cycliza- 
tion was carried out by Clarke and Robertson,and the structure was 
further confirmed by two other syntheses.^^ None of these syntheses is 
applicable to manufacturing processes, and natural khellin has so far been 
used by the medical profession. 


“ Kpiith and Gruber, Ber., 71, 106, 113 (1938). 

Clarke and Robertson, J. Chem. Soc., 302 (1949). 
” Geissman, J. Am. Chem. Soc., 71, 1498 (1949) 
A30, 107 (1949). 


Seshradri, Proc. Ind. Acad. Set., 
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The other materials isolated from the plant are visnagin (2-methyI-5- 
methoxyfuranochromone, XIII-26) and khellol glucoside (XIU-27). Visna¬ 
gin can be degraded to visnaginone (XIII-28) in analogy to the dimethoxy 
series derived from khellin. Khellol-glucoside must be hydrolyzed to khel¬ 
lol and glucose before it can be degraded further. 


,<°VVO>,CH 


CH3O 







OH 

COCH3 


O 

(XIII-26) 


OCH3 


(XIII-28) 


CH3O 



o 

(XIII-27) 


The relative activities of these compounds in a bio-assay as announced 
by Anrep, Barsoum and Kenaway are listed in Table IV. 


TABLE IV. Relative Activities op Constituents of Ammi Yi^naga and 

Related Products 






Type of Action 

Ck>mpound 

Dose, 

% Activity 
of KbelliD 

Coronary 

Dilatation 

Intestinal 

Relaxation 

Bronchial 

Relaxation 

Khellin. 

. 10 

100 

active 

active 

active 

Visnagin. 

. 15 

66 

active 


inactive 

Khellolglucoside. 

. 300 

trace 

inactive 

inactive 

Khellinone. 

. 30 

33 




Visnaginone. 

. 50 

20 




Khellol. 

. 40 

25 





In contrast to khellin and visnagin, khellol glucoside exhibits a vaso¬ 
constrictive action. One is led to wonder whether oxidation of the 2- 
methyl group is a means of “detoxifying” the vasodilator activity of visna¬ 
gin. 

IV. THE NITRITES 

The nitrite ion (ONO”) has the ability of relaxing the smooth muscles 
of the smaller blood vessels independent of innervation. This brings about 
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vasodilation and a fall in blood pressure. Its effect is most marked in the 
coronary vessels, and this has established nitrites as invaluable drugs in 
the relief of pain in angina pectoris. This use overshadows tlie potenti¬ 
alities of many minor pharmacodynamic actions of the nitrite ion. 

Untoward siile effects from the repeated administration of nitrites arc 
methemoglobinemia and other toxic symptoms. Tolerance to nitrites 
develops readily, and even cross-tolerance to different drugs acting a.s a 
source of nitrite ions occurs often. 

The most readily available forms of nitrite ions are inorganic nitrites, 
for example, sodium nitrite. \’olatile alkyl nitrites, particularly ethyl and 
amyl nitrite, are inhaled, absorbed through the lungs and hj’drolyzed to 
nitrous acid in the boily fluids. They exert a fleeting action on coronary 
blood vessels. (2-Ethyl-«-hexyl)nitrite has been recommended as a long- 
lasting vasodepressor of low toxicity.-® 

Nitrite ions do not remain unchanged in the body; they are both oxi¬ 
dized to nitrates, and reduced to ammonia by metabolic reactions. Like¬ 
wise, alkyl nitrates are a good source of nitrite ions since they are appai'ently 
reduced readily. Glycerol trinitrate [(02N()Cn2)2CII()N()2], and several 
polynitrates of carbohydrate-derived hexahydric alcohols are widely used. 
Among the latter are erythrit 3 'l tetranitrate, mannitol hexanitrate, sorbide 
dinitrate, and isomannide dinitrate. Their .structure influences their rates 
of absorption, reduction and hydrol^’sis, and thereby their release of nitrous 
acid. Since a rapid nitrite effect is usually desired in acute attacks of 
angina pectoris, amjd nitrite and nitroglycerin are preferred for this purpose; 
they produce nitrite ions more rapidly than other organic esters of nitrous 
or nitric acid. The higher-molecularpoljmitrates are suitable as prophylac¬ 
tic agents because they release much nitrite ion slowly and o\'er longer 
periods of time. 

V. SPARTEINE 

Mention should be made of the diuretic and cardiac action of the lu- 
pinane alkaloid, /-sparteine (XIII-28) which has been made use of in 
medicine.^® 

CH2 

(XIII-28) 

« Krantz, Carr, and Forman, J. Pharmacol. Ex-ptl. Therap., 64, 302 (1938); Proc. Soc 
Exptl. Biol. Med., 42, 472 (1939). 

Leonard and Beyler. J. Am. Chem. Soc., 70, 2298 (1948). Henry, The Plant Alka~ 
lotdsy 4th ed., Blakjston, Philadelphia, 1949, p. 152, 



CHAPTER XIV 


Parenteral Fluid Therapy 


The body of man and mammals consists of about 75 per cent of water. 
Cellular water comprises up to one-half of the total weight of the organism. 
This fluid contains potassium, magnesium and phosphate ions and serves 
as a buffered solvent for water-soluble cell chemicals. The extracellular 
fluid makes up about one-fourth of the body weight and consists largely of 
the water in the circulation, the blood and the lymph. It is the solvent of 
plasma proteins and serves as a vehicle for the transport of blood corpuscles, 
metabolites and waste products. In addition to plasma-water, extracellu¬ 
lar water fills the spaces between tissues. It contains sodium chloride, 
calcium, potassium, and phosphate ions. 

The volume of plasma is fairly constant except in bleeding or burns, 
and any dehydration of the body occurs mainly at the expense of extra¬ 
cellular water between the tissues (one-fifth of the body weight.) Normal 
losses of water proceed by way of moist air exhaled from the lungs, through 
the perspiration, and by excretion through the kidney. Severe alterations 
of the water volume of the body are caused by diarrhea, vomiting, as well 
as by hemorrhages and burns. In these conditions, fluids may have to be 
infused parenterally into the organism in order to prevent dangerous de¬ 
hydration and the accompanying concentration of solutes. 

Retention of water is caused by inefficient (“compensating”) kidneys. 
If dehydration and compensating kidneys are present together, even 
erythrocytes may appear in the urine. 

I. SALT SOLUTIONS 

The solutions most frequently employed to replace bodily fluid are 
dextrose (5%), salt (0.9%, normal saline), Ringer’s solution (NaCl, 0.85%; 
KCl, 0.03%; CaCb, 0.03%), lactate Ringer’s solution, sodium rac.- 
lactate (1.87%), glucose and sucrose (50%), and amino acids or protein 
hydrolysates. 

The most urgent need for parenteral fluid therapy is in traumatic 
shock. The first consequences of heavy loss of blood are the immediate 
decrease of the circulation. Even if as much as one-third to one-half of 
the total blood is shed, the collapse of the circulatory system is caused 
largely by the inability of the remaining blood supply to fill the vessels. 
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Only in even heavier acute losses of blood, the loss of erythrocytes will 
impair the transport of oxygen to the vasoinotoric and respiratory centcMs. 
It is therefore imperative to replace immediately tlie lost volume of li(piid 
by intravenous infusion. 

Phj'siologicaf salt solutions are of dolinite value for tliis purpose*, and 
are well tolerated. However, their elfect wears o(T rapidly, since they arc 
eliminated by the kidney and hy the sweat glands in about two hours. If 
the liquid volume of the ciiculation is to be maintained for many hours or 
even days, suitable hydrophilic colloids must be added to the salt solutions. 
The molecular size of tlie colloid must be sutlicient. to prevent the material 
from permeating the damaged walls of the blood vessels, and tlie colloid 
must be free from sensitizing allergenic properties. 

II. POLYVINYLPYRROLIDONE 

The first macromolecular compound which fulfilled these icaiuin'inents 
satisfactorily was the polyvinylpyrroluione (Xn'-l) synthesiz('d by Hoppe 
during the war.‘ A 3.5% solution of this material (“ ivollidon” I containing 
0.9% of sodium chloride, 0.042% of potassium chloride, 0.025% of calcium 
chloride, 0.0005% of magnesium cliloride, and 0.0024% of sodium bi¬ 
carbonate as well as about 10 volumc-per cent of free C'Oo is isotonic and 
has pH G.O. Its viscosity is 3.0; it can be sterilized by heating and kept 
interminably. The molecular size of the colltiidal constituent is 25,000. 

1 his solution has been marketed under the name of Periston. 

It is obvious that Periston can only substitute for the hemodynamic 
functions of blood. It cannot contribute to oxygen transport, coagulation 
time, defense mechanisms and other chemical and biological functions of 
whole blood. However, it can ser^'e as a stop-gap between the time of 
injury and the first opportunity to secure a blood transfusion, and the 
solution has fulfilled this mission during World War II in many instances. 

Peristone raises blood pressure to normal le\-el.s after sc\ ere bleeding 
and does not interfere with diuresis and liver functions. It has been used 
successfully in cases of systemic dehydration due to diarrliea or vomiting. 

1 he synthesis of polyvinylpyrrolidone, although a six-step process, is 
inexpensive and adaptable to manufacturing conditions. Formaldehyde 
is added to acetylene, and the resulting butyne-2-diol-l ,4 (XIV-2) is 
hydrogenated to butane-diol-l ,4 (XI^^3). Catalytic deliydrogenation of 
this glyco furn^hes 7-butyrolactone (XIV-4) which yields the lactam 
(a-pyiiolidone, XI\ -5) on heating with ammonia. The amide hydrogen 
atom can be replaced by the vinyl group, and K-vinyl-a-pyrrolidone 

‘ M tuTon ° Sub-Committee, Final Report No. .354. Item No. 

11. i\l. btationery Office, London, 1945 . 
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(XIV-6) thus obtained is polymerized under the catalytic influence of 

hydrogen peroxide at 180-190°. The polymer (XIV-1) is soluble in water 

and most organic solvents. The aqueous solutions are neutral and behave 
on the whole, like solutions of albumin. * 


2HCHO + HC=CH 


80-100°, 100 atm. 
1% Cu-acetylide 


HOCHzC^CCHzOH 

(XIV-2) 



H^, Ni, 20 0' 
100 atm. 


H0(CH2).0H — 


/0\ 

HjC CO 


170-180 atm 


(XIV-3) 


NH,, 230' 


100-200 atm 




H2C -CH2 

(XIV-4) 


NH 

/ \ 

H 2 C CO 


H 2 C 


CH 


(XIV-5) 


JH=CH. KOH, 140-160° 

10-20 atm. 

(XIV-6) 

" —CH—CHa—■ 

30^0% Ha O 2 /N\ 

r80-190° ^ H 2 C CO 

I I 

LhsC—CH2 J. 

(XIV-l) 



III. POLYVINYLPYRROLIDONE AS RETARDING VEHICLE^ 

Polyvinylpyrrolidone has been studied extensively as a retarding ve¬ 
hicle for insulin and other hormones, for antibiotics, local anesthetics and 
other functional drugs. The colloid slows down the diffusion of these 
materials and thereby prolongs their effect. Insulin—P.V.P. is at least as 
long-acting as zinc-protamin-insulin, and produces up to 50% longer a 

* Durel, des Practiciens, 62, 273 (1948). 
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duration of hypoglycemic effects than insulin alone. The circulation time 
of penicillin is doubled by simultaneous intravenous administraticjii of 
poly\’inylpyrrolidone. Novocaine lasts longer in the circulation and in 
various tissues, including nerve ganglia where it can be used for prolonged 
anesthesia in peripheral diseases. The effects of sodium salicylate, of t lic 
antihistaminic drug Phenergan, of the vasodilatory totraethylammonium 
bromide, and of mercurial diuretics are equally alTccted by polyvin 3 ’l- 
pyrrolidone. In certain cases, co-injection of the colloid has made possible 
a practical application of an otherwise rapidly disappearing drug. 

IV. DEXTRAN 

In refining beet sugar, the organism, Leiiconostoc mcsenteroidcs often 
contaminates the sugar solutions. This organism has the abilitj' to poly¬ 
merize glucose to polysaccharides of very high molecular weights, and under 
controlled conditions a product can be prepared which after hydrolysis has 
a molecular weight of 100,000, comparable to that of i^lasma proteins. It 
has been tested under the name of Dextran and has been found to gi\'e 
favorable results in experimental and clinical shock. It may be that tlie 
polymer is hydrolyzed to glucose in the body and thereby fulfills both a 
role as a colloidal adsorbing and of a nutritional agent.^ 

« Holland, Am. J. Pharm., 121, 449 (1949). 
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Diuretics 


Diuretics are chemicals which alter renal function in a clinically useful 

manner by promoting the formation of urine, and thereby aid in the 

elimination of excess liquid and toxic products from the tissues and cir¬ 
culation. 

Urine is produced in the kidney by a complex multiple ultrafiltration 
of the blood serum. The capillary bed of the kidney, the glomerulus, is 
one of the factors of urine formation. The other filter apparatus are the 
renal tubuli which concentrate the glomerular filtrate by reabsorption, and 
excrete the urine to the bladder. A detailed account of the physiological 
functions of the kidney can be found in any text of pharmacology or physi¬ 
ology* and an understanding of the forces which bring about diuresis should 
be of value to medicinal chemists interested in this field.^ 

Broadly speaking, two types of diuretics can be distinguished. The 
first group includes simple substances such as water, alkali chlorides, am¬ 
monium and calcium halides and nitrates, urea, glucose and sucrose which 
alter the osmotic pressure of the serum and thereby promote diffusion 
through the glomerular and tubular membranes. The resulting changes 
of osmotic conditions are complicated and not clearly understood for all the 
diuretics named. The possibility is not excluded that some, if not all, of 
these compounds produce their effects by enzymatic as well as osmotic 
mechanisms. 

The second group of diuretics is of greater interest to medicinal chemists. 
In this group are found mercurials, the xanthines theobromine and theo¬ 
phylline, digitalis aglucones, and hormones, especially of thyroid and para¬ 
thyroid origin. These drugs act as inhibitors or as positive catalysts of 
kidney enzymes which control diuresis by intermittent phosphorylation 
and other reversible reactions of serum constituents. 

I. UREA AND UREA DERIVATIVES 

The diuretic activity of \irea was discovered accidentally when it was 
administered experimentally in the treatment of kidney stones; it appeared 
possible that it could dissolve uric acid granules. In spite of its disagree- 

^ cf. Goodman and Gilman, The Pharmacological Basis of Therapeutics, Macmillan, 
New York, 1941, p. 627. 
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able taste and the large amounts necessary to produce tliuresis, ur<‘a has 
remained a valuable drug and is regarded by many clinicians as the most 
etTecUve non-metallic diuretic agent in diseases of the liver and the kidney 
and in cardiac edema.- 

Urea is the diamide of carbonic acid, and many other amides, uro- 
thans, alkyl- and arylureasas well as ureides have been tested as diuret ics. 
Dimethylurea, [COlNIIClIs):..] and di-(p-hydroxyethylphenyl)urea (CO 
(NH-p-C6H4CIl2CH20Ht..] are two to ten times more active than urea 
and their molar concentrations which increase diuresis are so low that 
their effect can hardly depend on significant osmotic changes in the kid¬ 
ney. Urea undoubtedly acts, at least in part, by an osmotic mechanism, 
and substitution thus changes its (lualitative diuretic effect. It is possible 
that this impression is evoked solely by differences in absorption and 
distribution between the individual urea derivatives, but increases of diiect 
effects on the enzymes controlling filtration and reabsorpf ion in the kidney 
aie the more likely explanation. An increase of iron excretion iluring the 
Simultaneous administration of urea and ferrous salts points in the same 
direction. Another explanation is based on the diuretic activity of 
urethan (CoH^OCOXII-A which is partly ammonolyzed to urea and ethanol 
m the organism. In addition, many poorly soluble substances form soluble 
addition complexes with urethan and can thereby be excreted more readily, 

1 he.se ideas have been applied to other urea derivatives on various occasions. 

Among the cyclic ureides, N-alkyl- and -arylhvdantoins exhibit pro¬ 
nounced diuretic activity. 1-Methylhydantoin (XV- 1 ) causes a greater 
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(XV-3) 

flow of urine than twice the dose of urea, and this result is achieved within 

several hours. The compound is non-irritating, is quite stable and not 
^ Haas, Die Pharmazie, 3, 97 (1948). 
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demethylated in the body.® 1-p-Ethoxyphenylhydantoin (XV- 2 ) and its 
5-ethyl derivative (XV-3) possess even greater diuretic properties but 
their effective doses are close to the toxic ones. Nevertheless, the relation¬ 
ship of these compounds to the anticonvulsant 5,5-disubstituted hydan- 
toms (Chapter X) is suggestive of a central nervous system relation of 
diuretic and anticonvulsant pharmacology, especially since disturbances of 
water metabolism seem to play a role in precipitating epileptic attacks.^ 

II. PURINE DERIVATIVES 

The diuretic properties of the purine derivative, caffeine (XV-4), the 
alkaloid from tea leaves and coffee beans, were observed over sixty years 
ago, and those of theophylline (XV-5) shortly thereafter.® The latter is 
almost three times as potent as caffeine, with theobromine (XV- 6 ) occupy¬ 
ing an intermediary position. Caffeine is not used clinically because its 
useful diuretic activity in man is negligible, and is overshadowed by its 
centrally stimulatory effects. Theophylline and theobromine can be given 
orally but cause gastric irritation. They are still used occasionally in 
cardiac edema but not in conditions in which kidney functions have been 
seriously impaired. 
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1. Theophylline 

a. Manufacture 

The extraction of the naturally occurring theophylline from tea is a 
very expensive process, and the drug is manufactured primarily by the 
method of Traube.® Condensation of sym.-dimethylurea with cyanoacetic 
acid under the influence of phosphorus oxychloride yields cyanoacetyl- 
N,N'-dimethylurea (XV-7) which is cyclized to 1 , 3 -dimethyl- 2 ,6-dioxy-4- 
aminopyrimidine (XV- 8 ). The isonitroso derivative of this base (XV-9) is 
reduced to the diamine (XV-10^ by means of ammonium sulfide, and the 

» Gabler, J. Uol. Chem., 67, 65 (1926); 70, 763 (1926). 

♦ Haas, Die Pharmazie, 3, 97 (1948), refs. 28-32. 

® Schroder, Naunyn—Schmiedeberg's Arch, exptl. Path. Pharmakol., 24, 85 (1888). 

Minkowski, Therap. Gegenwart, 1902, 490. 

• Traube, Ber., 33, 3035 (1900). 
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formyl derivative of the diamine (XV-11) is converted to theophylline on 
heating with alkali. 

Another industrial synthesis of theophylline starts with uric acid 
which, on treatment with acetic anhydride, yields 8-methyl- 
xanthine (XV-13). Methylation of this intermediate leads to 1,3,7 8- 
tetramethylxanthine (XV-14). This can be chlorinated to a mixture'of 
l,3,7-trimethyl-8-trichloromethylxanthine (XV-15) and 1,3-dimethyl-7- 
chloromethyl-8-trichloromethylxanthine (XV-16) which is separated by 
fractional crystallization. The trichloro derivative (XV-15) gives up its 
chlorinated group and yields caffeine (XV-4) while the tetrachloro com¬ 
pound (XV-16) loses both its chlorinated groups and furnishes theophyl¬ 
line (XV-5) 


b. Application 

Theophylline is applied in the form of double compounds which solubi¬ 
lize the active component. Theophylline-sodium salicylate is known as 
Diuretin; the sodium acetate double salt as Agurin, and the calcium sali¬ 
cylate double compound as Theocalcin. 

The most widely used pharmaceutical preparation of theophylline is 
a molecular mixture of this reagent with ethylenediamine which has become 
known as aminophylline. It exhibits good solubility and a favorable 
therapeutic index. Its usefulness is not restricted to increases of diuresis. 
It raises blood pressure, counteracts histamine spasm, and is widely em¬ 
ployed as an antiasthmatic agent (Chapter XXIV). 

2. Other Purines 

Structural alterations of 2,6-dioxypurines (xanthines), such as the 
replacement of the methyl groups by other small alkyl radicals, or N^-sub- 
stitution with groups up to four carbon atoms have not furnished any drug 
even moi*e effective than caffeine. Only l-allyl-3,7-dimethylxanthine (XV- 
17) surpasses theobromine in diuretic activity.® Alkoxycaffeines are almost 
inactive. 

Uric acid (XV-12) acts diuretically, and some of its methyl derivatives 
show an increased activity. 1,3,7-Trimethyluric acid (XV-18) is quite 
active and is excreted unchanged. This property has been correlated with 
diuretic activity in general under the assumption that the unchanged drugs 
themselves must be active; if they were degraded to the same, or very 
similar active products in vivOy the wide variations in activity between indi¬ 
vidual xanthines would become hard to explain. 

^ Ullmann, Emyklopddie der technischen Chemie, Vol. 8. Urban & Schwarzenberg, 
Berlin, 1931, p. 571. 

8 Bergell and Richter, Z. exp. Ther., 1 , 655 (1905). 
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The diuretic properties of theoliromiiie lia\-e not been ri\-allod either 
by both natural and synthetic nucleosides and nucleotides containing dif- 
feient puiine groups. It is possible that, colloidal factors play a role in the 
mechanism of action ot these high-molecular compounds. This certainly 
holds in the case of acacia which contains polysaccharides capable of re¬ 
storing normal osmotic pressure in nephrotic edema. The polysaccharides 

apparently substitute for lost serum protein and thereby mobilize the 
edematic fluid. 

The physiological mechanism of the diuretic actitin of the xanthines is 

apparently connected with the dilation of the glomerular vessels by those 

drugs, but central excitation and interference with enz\'mes catalyzing 

filtration and reabsorption have also been claimed to inHuence their mode 
of action. 


III. MERCURIAL DIURETICS 

One of the most important applications of organic mercurials is in the 
production of diuresis. Inorganic salts, notably calomel, ha\-e been used 
as additive and potentiating agents of digitalis diuretics. 

Mercurial diuretics reduce the e.xtracellular fluid compartment, par¬ 
ticularly m congestive heart failure (cardiac edema). In this condition 
sodium chloride, and thereby water are retained. This is due to the low 
rate of cardiac output-reduced flow of blood-which diminishes the rate of 
glomerulal filtration in the kiilney. So little sodium chloride is thereby 
presented to the kidney tubules that all of it is reabsorbed, and barely any 
salt IS excreted. Excretion is increased by diuretics, and excess body weight 
caused by accumulation of the fluid is reduced rapidly. Edema cauLd 

by other condition.s such as tumors, cirrhosis of the liver, thrombophlebitis 
etc. IS often leliev’ed by mercurials. 

I he accumulation of sodium ions has been combatted occasionally by 
01 al administration of lon-exchange resins but adequately selective materials 
which do not remove other cations as well are still being sought = 

Mercurous chloride, introduced in ISSo,-" is still used extensively but 

® Hay and Burch, Am. J. Med., 217, 96 (1949). 

Jendrassik, Deut. Arch. Klin. Med., 38, 499 (1885). 
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has been rivalled by less toxic compounds having mercury in organic link¬ 
age. The most common organic mercurial drug.s now in clinical u.s(‘ are 
listed in Table I. Several of them are marketed as soluble salts of theo¬ 
phylline, the mercury being attached to N-7. 

Merbaphen (Novasurol) was introduced originally as an antisyphilitic“ 
agent. The diuretic application of this mercurial was discovercrl only 
later. This sequence of events characterizes work in this whole group al¬ 
though several recent investigators have searched primarily for diureti(!S 
among mercurials.^- Because this book arranges drugs according to their 
use mainly, a number of mercurials which act iirimarily as antiseptics 
will be discussed in Chapter XXXXIII. 

The preparation of Mersalyl may serve as an example of a synthesis of 
those mercurials which contain the metal atom in the aliphatic side chain. 
The allylamide of o-carboxyphenoxyacetic acitl (XV-19) is treated with 
mercuric acetate in methanol solution; the resulting mercurial (XV-20) is 
then converted to the salt (X^-21 ) of a compound containing an acidic 
nitrogen atom, such as succinimide or theophylline (XV-5). 


OCH 2 CO 2 H 




CONHCH2CH=CIi 


(XV-19) 


OCII 2 CO 2 II 

CH3OII 
HgCOAch 




CONHCH2ClI(OCH3)CIl2HgOAc 


(XV-20) 


O 


OCH 2 CO 2 H 

^CONHCn, CH(0CH3)CH, HsN-t/S^CH: 





(XV-21) 


CH3 


starting with allylurea (XV-22) instead of an allylamide, similar 
dei-ivatives can be elaborated (XV-23). 

" '’‘ti^eftrr J “s'* Am. Chem. Soc., Atlan- 

tic City, J September 18-23, 1949, p. 156. Rowland, Perry, Foreman and 
Friedman, J. Am. Chem. Soc., 72, 3595 (1950). oreman and 
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H 2 NC 0 NHCH 2 CH=CH 2 + Hg(0Ac)2 + CH 3 OH 
(XV-22) 

^ AcOH + H.NCONHCH2CH(OCH3)CH2HgOAc 

(XV-23) 

The mercuriacetates can be converted to the more soluble chloro- 
mercuri compounds with sodium chloride (RHgOAc + NaCl —» RHgCl 
+ NaOAc). 

By using other alcohols in the reaction, a series of alkoxy derivatives 
can be obtained from allylurea. Some of these compounds produce in dogs 
diuresis four to five times as great as any of the clinically used mercurial 
diuretics. The thioacetate ethers (H 2 NCONHCH 2 CHORCH 2 HgSCH 2 - 
COOH) are distinguished by low systemic toxicity and a greatly reduced 
rate of irritation when administered subcutaneously. 

In Thiomerin, which contains mercaptoacetic acid as an extender of 
the diuretic action of the mercurial component, cardiac and local toxicity 
has been reduced to a point where subcutaneous administration is possible.*® 

Several of these organic mercurials contain approximately the same 
percentage of mercury, namely, about 37-42%. It is believed that their 
mercury atom becomes ionized, and that the release of organo-mercuri ions 
depends on the firmness of the organic linkage of the metal. In turn, dif¬ 
ferences in rate and degree of ionization determine variations in absorption 
as well as local and toxic side-effects. The toxicity of mercurials is directly 
I'elated to their rate of ionization: RHgOH ^ RHg+ + OH”. 

Diffusion across cell membranes plays an important role in the activity 
of mercury derivatives. Proteins apparently are first precipitated by 
mercuric ions, but redissolve these ions with complex formation. Mer¬ 
curials thus dissolve more readily in serum than in water, and diffuse readily 
through living cells. The rate of diffusion is enhanced by ammonium 
chloride, potassium iodide (formation of a more diffusible potassium mer- 
curitetraiodide) and other salts. 

It has been shown that mercurials act by inactivating sulfhydryl 
groups of thiol-containing enzyme systems for 8-10 hours. Like that of 
organic arsenicals, the effect of mercury compounds can be inhibited by 
BAL (Chapter XXXII), and this compound as well as its congeners (BAL 
glucoside, thiosorbitol) have been used successfully to overcome mercury 
poisoning. Where the enzyme system affected by mercury is located, or 
acts, is unknown, but since the action of mercury seems to be limited to the 
kidney, it may be sought in this organ. The prompt termination of mer¬ 
curial diuresis by BAL confirms this thought; on the other hand, monothiol 

!=« Feinberg, Isaacs, and Boikan, Am. J. Med. Sd., 218, 298 (1949). Ruskin, Johnson, 

and Roddy, Federation Proc., 8, 329 (1949). 
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compounds which tie up mercuric ions less firmy than dithiols inactivate 
only the effects of these ions on the heart but do not affect diuresis. 


IV. ANTIDIURETICS 

Compounds wliich decrease the formation of urine from l)lood ai'e 
called antidiuretics. Their main—and only useful—representati\'e is tlie 
proteinogenous hormone of the posterior lobe of the pituitary gland 
(Pitressin) of unknown structure. Administered paienterally, or by dif¬ 
fusion througli the nasal mucosa, it is used principally to cut down the 
volume of urine in diabetes insipidus. 

The antidiuretic principle found in the edematic fluid of patients 
suffering from cirrhosis of the liver or of cardiac edema differs perhaps from 
Pitressin. It may be identical with ferratin, a protein-type hormone con¬ 
cerned witli absorption and storage of ferrous ions iii the body. 



CHAPTER XVI 


Anticoagulants 

I. FUNCTIONS AND USES 

Anticoagulants are substances which prolong the coagulation time of 
blood. The prompt formation of a blood clot is an essential safeguard 
against excessive liemorrhage, but if a clot is produced within a blood vessel, 
a serious threat arises to the normal flow of circulatory liquids on which all 
vital organs depend for their metabolites, for their constant state of hydra¬ 
tion and for the removal of their waste products. The maintenance of nor¬ 
mal blood clotting time in the intact animal depends on a sensitive balance 
between coagulants (see Chapter XXVIII-II-7) and natural anticoagulants 
of the system. The most important anticoagulant in mammals is heparin 
which is produced by the mast cells close to the capillaries in various tissues 
of the body. 

Intravascular clotting is a complex process, the explanation of which 
has taxed the ingenuity of biochemists and physiologists. It is not yet 
completely understood but a short—even though schematized—description 
of the processes involved should facilitate an understanding of the role of 
anticoagulants. It is illustrated in Figure 1. 

The primary site of an intravascular clot is usually at a point where the 
endothelium of a blood vessel has been injured. The so-called platelets or 
thrombocytes agglutinate by a slowing of the blood stream and form a small 
initial clump (thrombus) around which the true blood clot is constructed. 
The latter consists essentially of the blood protein, fibrin. Some of the 
thrombocytes disintegrate and release a protein-type material called throm¬ 
boplastin which, in the presence of calcium ions, converts the zymogen 

prothrombin to the enzyme thrombin. 

The first small amounts of thrombin are deactivated by a natural 
antienzyme, the factor antithrombin from plasma. As more platelets 
disintegrate and release more thromboplastin, enough thrombin survives to 
convert the soluble protein, fibrinogen, to insoluble fibrin. Simultaneously, 
thrombin catalyzes the conversion of plasma accelerator globin to seruni 
accelerator globin, and the latter in turn speeds up the activation of 
thrombin. This cycle makes the liberation of thrombin from prothrom m 
an autocatalytic process, and the formation of fibrin thus gathers momen 
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turn. The fibrin clot grows, halts and captures more thrombocytes as well 
as leukocytes and red blood corpuscles and soon may block the flow of blood 
through the vessel. 

Natural and synthetic anticoagulants may interfere with the course of 
these reactions at many points and 1 ^ 3 ' a variety of biochemical mechanisms. 
Some information concerning their mode of action i.s available for heparin 
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(blood clot) 

Figure 1. Formation of a Blood Clot 


and for dicumarol. In the presence of an albumin co-factor from plasma 
(heparin complement), heparin prevents the activation of prothrombin to 
thrombin, and thereby makes impossible blood coagulation. It is reason¬ 
ably certain that heparin inhibits the activating action of thromboplastin 
since large doses of the latter overcome the heparin effect. The relation 

between heparin and thromboplastin is one of mutual antagonism and 
obeys the law of mass action. 
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Dicumarol apparently attacks the clotting mechanism at a different 
point. It halts the synthesis of prothrombin in the liver, and this view of 
its mode of action is supported by the fact that dicumarol antagonizes the 
clot-promoting action of the coagulant naphthoquinones which are known 
to catalyze prothrombin formation in the same organ. Detailed discus¬ 
sions of these relationships and of additional factors involved in blood 
clotting have recently been presented.^ 


II. HEPARIN 


Heparin was discovered by McLean- in the course of a purification of 
phosphatides from blood platelets. Its anticoagulant effects were studied 
by Howell® who recommended this non-toxic material for the treatment of 
disorders of coagulation. It was introduced into medicine in 1937.^ As 
mentioned above, it is produced by the mast cells, and since the latter are 
found in great quantities in the lung and the kidney, these tissues are the 
common sources of the anticoagulant. Beef lungs are washed free from 
blood, dried and powdered, and extracted with 1% sodium chloride solution. 
Heparin is precipitated from the extract with acetone. Certain vegetable 
sources such as beans and peanuts also yield heparin on extraction. 

Heparin is inactivated by methanol, a property generally exhibited by 
biologically active polysaccharides whose hydroxyl groups are esterified 
with sulfuric acid. It is also inactivated by aldehydes, and this appears to be 
a general property of active compounds containing amino groups. When 
heparin reacts with toluidine blue, it causes metachromasia, a change of the 
blue color of the dye to purple. This change is characteristic of high- 
molecular sulfate esters, for example chondroitin sulfuric acid (XVI-1) 
from cartilage, and muscoitin sulfuric acid. 


OH I OH H 
H OaS O Clb C— C— C— C 


"n 



-COCH2C—c 

H H H NHAc H H OH H H H 



CO2H I H 

C-O—C—C- 

H H NHAc H H 



OSOaH 


(XVI-1) 

1 Riggs, New Eng. J. Med., 242, 179 0950). McIntosh, J. Pharm. Pharmacol, 1, 
353 (1949). 

* McLean, Am. J. Physiol., 41, 250 (1916). 

® Howell,//aryet/Lectures, 12, 272 (1918). , a , r>k' 

* Murray, Jaques, Ferret, and Best, Surgery, 2, 163, (1937). Crafoord, Ac a. it. 

Scand., 79, 407 (1937). 
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These substances contain only one sulfate ester group for each gluco¬ 
samine-glucuronic acid pair, whereas three sulfuric acid groups are found in 
the same disaccharide section of heparin. For a homogeneous fracti(jn of 
the crystalline barium salt, formula (XVI-2) has been proposed.^ 


CHsOH 


CO,H 


CH,OH 



CO,H 


Ba/,OSO, H 


NHSO,Ba/j H HO Ba, ,OSO, H 

CXVI-2) 


•-0 


NHSOaBa/, H 



O- 


OSOaBaA 


Heparin is a strong acid and combines with certain metallic ions 
(barium) and with proteins (salmin) to sparingly soluble salts. This fact 
complicates the isolation of heparin from tissue powder since the antico¬ 
agulant is inactivated if it combines with proteins. Since the action of 
heparin is only of relatively short duration, some of its sparingly soluble 
salts have been used for injections in order to prolong the anticoagulant 
elTect. This procedure parallels the use of procaine-penicillin and similar 
in.solublc salts which increase the duration of action of the antibiotic peni¬ 
cillin (Chapter XXXVIII). 

Partial removal of the sulfate ester groups j-educes anticoagulant 
activity; this trend can be ob.served also in different fractions of heparin 
having a decreasing content of sulfuric acid groups. The degree of esteri- 
tication is, however, not the only criterion of activity since lieparins from 
different species—presumably with different structural features—but of 
equal organic sulfate content exhibit wide variations of potency. When it 
was discovered that the trypanocidal drug Suramin (XXXMI-4) and the 
dyestuffs Pontamin Pink and C’hlorazol Sky B\nc had pronounced anti¬ 
coagulant activity it was assumed that both aliphatic and aromatic polj^- 
sulfonic or polysulfuric acids might share this property. Sodium cellulose 
di-sulfate (XVI-3) and potassium polyvinvl sulfate (X^T-4) have been 
tested successfully for prolongation of blood clotting time. Alginic acid 

disulfuric acid ester (X\'f-5) has been reported to be a strong anticoagulant 
oi low toxicity. 

^ Jari,os. Heparin in the Treatment af Thrombmis. An Aceounl of its Chemistry 

r" A'' i;<i. Oxford Uoiv. Press. London’ 

J r -BroL Chem., 183, 607 (1950). Wolfrom el 

al.,J. Am. Chem. Soc., 72, 5797 (1950). 
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Heparin has been used in arteriosclerosis, in the treatment of throm¬ 
boses, for the prevention of gangrene in experimental frostbite, and in other 
conditions in which blood vessels are obstructed or injured. The pro¬ 
longation of the clotting time depends on the blood level of heparin, the 
logarithm of the clotting time being a linear function of heparin concentra¬ 
tion.® Even after large doses heparin disappears from the blood after a 
few hours, perhaps by enzymatic destruction; this short duration of action 
of heparin has been the greatest stimulus in a search for other longer-lasting 
anticoagulants. 

A group of anticoagulants which resemble heparin are found in the 
antithrombins (hirudins) which provide leeches, ticks and other blood¬ 
sucking animals with a clot-preventing mechanism. It has been postulated 
that a hirudin-like substance is also present in normal blood m small 

amounts. 
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(XVI-5) 


III. DICUMAROL 


1. Origin, Synthesis and Function 

Cattle feeding on spoiled sweet clover hay usually sicken and undergo 
serious, often fatal bleeding (sweet clover disease). This condition is 
caused by a sharp increase of the blood clotting time of the anima s. 
The pathogenic hemorrhagic principle of sweet clover hay has been 
nized as 3 , 3 '-methylenebis-( 4 -hydroxycoumarin) (XVI-9) and ha^ ee 

* Jaques and Ricker, Blood, 3, 1197 (1948). 
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called dicumarin or dicumarol for short. The compound can be synthe¬ 
sized from methyl salicylate (X\T-6) through acetyl methyl salicylate 
(XVI-7), ring closure to 4-hydroxycoumarin (X^T-8), and combination of 
two moles of this reagent by means of formaldehyde.’ 




V 


AC2O 


CO2CH3 
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OCOCH; 

GOOCH; 






CH 


(XVI-6) (XVI-7) 

O 0 


OH 

(XVI-8) 


OH 


CH. 


IICUO 


OH 


(XVI-9) 


Dicumarol is at present the leading drug against blood clotting in 

spite of two distinct disadvantages. Its onset of action is slow, and two to 

four days may pass before coagulation time is markedly raised. Its 

effect does then not wear off for four or more days after discontinuation of 
administration. 

T. he mechanism of action of dicumarol has been elucidated to some extent. 
The drug inhibits serum cholinesterase in vitro^ but most impressive is its 
antagonism to the blood clotting catalysts of the vitamin K group. It acts 
by interference with the utilization of naphthoquinone derivatives in the 
synthesis of prothrombin in the liver since some of the latter can prevent 
the effect of one small dose of the coumarin deri\'ative. There exists a 
definite structural analogy between the keto foim of 4-hydroxycoumarin 
and 1,4-naphthoquinone,® and consequently between the antihemorrhagic 

0 


^/Ov 



O 


(XVI-10) (XVI-11) 

’ Link, Harvey Lectures, 39, 162 (1943-1944). 

® Grossmann, Hais, and Kasalicky, Nature, 165, 276 (1950) 

® Quick, Physiol. Revs., 24, 297 (1944), 
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2- methyl-l ,4-naphthoquinone (Menadione, XVI-10) and either half of the 
keto form of dicumarol. This similarity could be extended to include 

3- methylchromone (XVI-11) but this compound has been found to have a 
weak activity like Menadione. On the other hand, the latter prevents 
completely the hemorrhagic effects of dicumarol in laboratory animals.^“ 

Whenever a compound does not exert its specific known activity 
in vitro, one will have to suspect that it is altered to the truly active dmg in 
the animal body. Dicumarol fits this description; the time lag before it 
becomes active in vivo is obviously the period during which it is converted 
to an active substance. The view has been expressed that the nature of 
this material might be understood from degradation reactions of dicumarol 
in the laboratory which had also played a major role in the elucidation of 
the chemical structure of the anticoagulant. When dicumarol is fused with 
potassium hydroxide at 300°, it is converted almost quantitatively to 
salicylic acid. This reaction proceeds through an intermediate 6-diketone, 

1,3-disalicylylpropane (XVI-12) which can be isolated in near-quantitative 
yield from the alkaline hydrolysis of dicumarol, and yields, in turn, salicylic 
acid on alkali fusion. 
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The ease of formation of the 6-diketone (XVI~12) seemed to sugge^ 
that the latter has been formed by decarboxylation of the ^-keto acid 
structure (hydrolyzed keto form) of dicumarol. Such a decarboxylation 
and subsequent fission of a 5-diketone could well take place in vivo un er 


10 Meunier and Mentzer, Bull. soc. chim. biol., 25, 80 (1943). 
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the influence of enzymes.It was logical, therefore, to study the anti¬ 
coagulant effect of salicylic acid. 

Salicylic acid and its esters produce an increase in prothroml)in time, 
and this deUi}' in hlood coagulation can be prevented by the natural or the 
synthetic Iv-\'itamins. dhis effect is of a much lowei’ order tlian that of 
dicumarol and the degradation of dicumarol to salicylic acid i.s probably 
not the mechanism by which the compound acts. The competition with 
naphthoquinones due to spatially similar relations i.s more widely accepted 
as an explanation of its activity^. 


2. Structural Variations 

In view of the possibility that dicumarol may arise in sweet clo\'cr by 
condensation of two molecules of 4-hydroxycoumarin with formaldehyde 
as in its laboratory sj'nthesis, an extended .series of compounds of type 
(X\ 1-13) which can be tormed from 4-h3'droxycoumarin and higlier or 
substituted aldehydes has been investigated for anticoagulant action. 
While none of these compounds had been reported originally to approach 
dicumarol in activity,ethyl bis (4-hydroxy-3-coumarinyl) acetate {X^T- 
14)"3 has recently been introduced under the name of Tromexan. 
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(XVl-13) 


(XVI-14) 


Its onset of action is no more than 24 hours, and it does not prolong coagu¬ 
lation time more than one day after termination of the treatment. It is 

said to have few toxic effects anti may he four times more acti\-e than 
dicumarol. 

Isosteres of dicumarol in whieh the cytdic ox 3 ^gen atoms are replaced by 
sulfur or imino groups have been tested but do not approach their natural 

prototype m anticoagulant activity, 3,3'-Methylenebis-(4-liydroxy-l-thio- 
coumarin) (XVM5) exhibits one tenth, and 3,3'-methylenebis-(4-hydroxv- 
2-qulnolone) (XVI-lb) only one fiftieth the activity of dicumarol.” On 

" Stahinann, Huebner, and Link, J. Bud. Chem., 138, 513 (10^1) 

" ”Zr"/ '.I'f'fr'' Kosoma,,. and 

Link, J. Biol, (’hem., 153, 5 (1944). 

Dcutsch. Schweiz, med. Wochschr., 78. 785. 806 (1948): 79, 1010 (1949). Burt, Wright 
and Kubik, BriL 4/ed../., 2, 1250 (1949). ^ ’ 

Mentzer, Meunier, Buu Hoi, and Cagniant, Bull. soc. chim. biol., 25, 384 (1943). 
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the other hand, 3,3^-methylenebischrome (XVI-17) possesses weak vitamin 
K activity, and this property is shared by 3,3'-methylenebis-(2-hydroxy- 
1 ,4-naphthoquinone) (XVI-18) which incorporates some of the features of 
dicumarol, and of phthiocol (Chapter XXXVI). 



(XVI-17) (XVI-18) 


An investigation of 2-phenyl-l ,3-indanedione (XVI-19) was prompted 
by the structural similarity of this compound to anticoagulant coumarin 
derivatives. 2-Phenylindanedione (PID) appears to exert a more rapid and 
constant effect than dicumarol, and has been given clinical trials.^® 
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Soulier and Gueguen, Rev. d'Htmatol., 3, 180, 184, 195 (1948). 



CHAPTER XVII 


Drugs Eliciting Symptoms in the 
Gastro-intestinal Tract 


I. APPETITE STIMULANTS 

Several drugs which cause the stomach to contract and thereby to 
simulate hunger can be used as aperitives or appetite stimulants. The 
hunger contractions are of central origin, and may be accompanied by 
stimulation of sali\'ary excretion and other effects which combine to give 
the picture of appetite. The alkaloid strychnine, a central stimulant, is 
used in tonics for this purpose. Almost all the popular appetite tonics 
contain bitter principles, particularly quinine. Iron salts are added oc¬ 
casionally for their hematopoietic effect. 

One of the most satisfactory appetite stimulants is 3-phenyl-3,4-di- 
hydroquinazoline (X\II-1) which has been marketed under the name of 
Orexin. Its hydrochloride tastes so bitter that the insoluble tannate is 
commonly used. This salt is conv'erted to the soluble hydrochloride by 
the gastric juice.' The drug is best prepared by the action of formanilide 
on o-aminobenzyl alcohol (XVII-2). 


•^NHj 
s^^^/CH2 0H 

(XVII-2) 


HCO 

\ 

+ NCeHs 

/ 

H 


N 




NCJis 

CH 2 

(XVII-1) 


+ 2 H 20 


II. ANTIAPPETITE DRUGS (ANOREXICS) 

Overeating is the mam cause of obesity, and obesity contributes much 
to diseases of the heart and blood vessels, particularly in aged individuals. 
Any drug which counteracts hunger contractions and thereby breaks the 
habit of overeating renders a valuable service to the obese patient. 

. . . a'^orexic drug used most widely in the United States is Dexedrine 

(+)l-phenyl-2-aminopropane, CeH5CH2CH(CH3)NH2- The chemistry of 


* May and Dyson, Synthetic Drugs, 4th ed 
p. 326. 


Longmans, Green, New York, 1939, 
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this compound will be discussed in Chapter XIX. The ( —) isomer ex¬ 
hibits only negligible anorexic action. The drug also suppresses the sense 
of taste for sucrose,^® and it seems possible that anorexia is related to de¬ 
pression of olfaction. 

The pam-methyl derivative of Benzedrine possesses analgetic and 
anorexic effects with barely any stimulation of the central nervous system^**. 

III. TOXIC DRUGS AS WEIGHT REDUCING AGENTS 


Several dinitrophenols have been used ill-advisedly as therapeutic 
weight reducing agents, but have been abandoned because of their numer¬ 
ous dangerous toxic manifestations. They are treated here because their 
use has not yet been completely eradicated. 

The most extensive investigations have centered around 2,4-dinitro- 
phenol. This compound is a powerful oxidizing agent and raises the rate 
of basal metabolic reactions in a way comparable to the effect of thyroxine 
(Chapter XXVI). The biochemistry and toxicology of 2,4-dinitrophenol 
have been reviewed in a recent monograph.^ 

Dinitro-o-cresol (3,5-dinitro-2-hydroxytoluene) also stimulates the 
metabolism, raises the body temperature and causes toxicity symptoms 
like dinitrophenol, but in a more marked degree. Because it catalyzes the 
oxidative destruction of non-carbohydrate material, it has been used as a 
weight reducing agent. 

A number of other dinitrophenols have been prepared and tested in 
the hope of finding some compound with a similar effect on the metabolism, 
but less toxic. 2,4-Dinitrothymol (XVII-3) is more active than dinitro¬ 
phenol, and apparently less toxic than dinitrocresol.® Rats kept on a diet 
of 2-sec.-butyl-4,0-dinitrophenol (XVII-4) gained less weight than con¬ 
trol animals and showed otherwise no ill effects.^ 2,4-Dinitro-6-cyclo- 
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Ahokas, Payne and Goetzl, Perrnanenle Found. M. Bull., 8, 112 (1950). 

Macko, Fellows and Fendrick, Feder. Proc., 9, 299 (1950). 

* von Oettingen, Phenol and Ils Derivatives. The Relation between Their 

Constitution and Their Effect on the Organism. National Institutes of 
Bulletin No. 190, U. S. Government Printing Office, Washington, D. O., u* , 
pp. 237-275. 

* Heymans and Casier, Arch, intern, ■pharmacodynamic, 50, 20 (1935). 

* Spencer, Rowe, Adams, and Irish, J. Ind. Hyg. Toxicol., 30, 10 (19 ). 
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pentylphenol (XVII-5) is more active than dinitrophenol in stimulating 

the metabolism of laboratory animals, and is probably not as toxic; as 

that substance.^ The corresponding cyclohexyl liomolog behaves simi¬ 
larly. 


IV. GASTRIC ANTACIDS AND DIGESTANTS 

Excessive secretion of gastric hydrochloric acid leads to unneeded 
peptic activity and endangers the mucous lining of the stomach. Pro¬ 
longed action of excess hydrochloric acid can lead to ulceration of the 
gastric and duodenal mucosas. On the other hand, reduction of the normal 
percentage of gastric hydrochloric acid Ity alkalizing agents is just as 
disadvantageous as lea\-ing uncliecked a pathologically high concentra¬ 
tion of stomach acid, and buffers and alkalizers must be used with care in 
hyperacidity. 

Sodium bicarbonate, magnesium oxide, magnesium hydroxide (milk 
of magnesia), bismuth salts, basic pliosphates, calcium carbonate or citrate 
are the common neutralizing agentsforexcess stomachacid. If thestomach 
wall is irritated by ulceration and produces more acid which in turn worsens 
the lesions, the ulcers can be coated and allowed to heal under protective 
colloidal films. For this purpose, gelatinous materials have been found 
suitable. Aluminum hydroxide gel and magnesium trisilicate are col¬ 
loids which combine with this state the ability to neutralize hvdrochloric 

nrviru x.'r'" aluminum aminoacetate, 

Al(OII)20COCn2Ml2, and the aluminum salts of bile acids. Ulcers 

can also be covered by the colloidal polysaccharide mucin uhich is manu¬ 
factured from the membranes of hog stomachs. Enterogastrone, one of 

trac t of hogs, has also been used to treat peptic ulcers with good success 
Will e studying the pharmacological behavior of the antimalarial 
lug, Paludrine (Chapter XXXV) it was discovered that this compound 
exerts a powerful inhibitory action on the secretion of gastric hydrochloric 

It IhouH 11 'w 1 development. 

It should be pointed out that this is one of the few cases in which 

t e .secietion of gastric acid is causatively decreased. The common ant 

acids are only neutralizing agents. Secretion of gastric hydrochloric acid 

1.S catalyzed hormonally by histamine and controlled by impulse t-ns 

mitteil by the vagus nerve. Only correction of vagus hyperactTvity can 
relieve the cause of hyperacidity ypei activity tan 

trih.ulT' f ‘Wpochlorhydria (lack of gastric hydrochloric acid) are at 
butable to pernicious anemia, gastric cancer and other serious disorders 
but occasionally certain otherwise healthy individuals exhiWt tuO "0: 
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ficiency. Their lack of stomach acid can be overcome by regular ingeS' 
tion of 0.2% hydrochloric acid, either as such, or of hydrogen chloride 
adsorbed on charcoal or other carriers which tend to mask its sour taste. 

Achlorhydria is occasionally accompanied by a lack of pepsin, the 
proteolytic enzyme of the stomach. This is not surprising if one considers 
that pepsin operates best at pH 4.5 maintained by normal concentrations 
of stomach acid. Pepsin prepared from hog stomach is administered in 
such cases together with hydrochloric acid. 

Certain disorders of the liver call for ingestion of bile salts (choler¬ 
etics) which are ordinarily provided for by this organ. The most im¬ 
portant bile salts are obtainable from ox bile for therapeutic purposes and 
consist of sodium taurocholate and sodium glycocholate. They are double 
salts of sodium taurate (H 2 NCH 2 CH 2 S 03 Na), and sodium glycinate 
(H 2 NCH 2 COONa), respectively, with the sodium salts of bile acids, 
particularly sodium cholate. The chemistry of these compounds may 
be found in standard texts of organic chemistry. The pharmacodynamic 
value of bile salt therapy is questionable. Recently, 4-keto-4-(2,4-di- 
methoxy-5-cyclohexyl)butyric acid (XVII-5a) has been shown to possess 
powerful and long-lasting choleretic properties.^*^ 




CH2CH2 


OCH3 


HoC 



CH 




OCH3 


CH2CH2'^ COCH2CH2CO2H 

(XVII-5a) 


V. ANTABUSE (ABSTINYL) 

Tetraethylthiuram disulfide, also called Antabuse or Abstinyl, is a 
drug which causes acute intolerance for ethyl alcohol by disturbing the 
oxidation of alcohol in the body and stopping alcohol metabolism at the 
stage of acetaldehyde.® The latter causes angioneurotic edema expressed 
by such symptoms as pulse acceleration, edema under the eyes, nausea and 
vomiting. Acetaldehyde is excreted through the lungs and the breath 
acquires the characteristic odor of this substance. Antabuse (XVII-6) 
has been used successfully in the treatment of alcoholism. 

(C2H6)2NCSSCN(C2H6)2 

I S 

(XVII-6) 

^‘‘Burtncr, Abstracts, 118th Meeting, Am. Chem. Soc., Chicago, Sept. 6, 1950. 

* Jacobsen and Martensen-Larsen, Nord. Med., 40, VII (1948); J. Am. Me . ssoc., 
139, 918 (1949). 
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VI. CONSTIPATING AGENTS 

Constipating agents are used to counteract the symptoms of diar¬ 
rheas. Excluded from this definition are drugs which combat the causa¬ 
tive pathogenic organisms of infections of the alimentary canal whitih 
result in diarrhea. 


1. Bulky Constipants 

Three general ways involving drugs to stop diarrhea are used by the 
medical practitioner. One of them depends on filling the colon with a 
hydrophilic bulky material whicli absorbs waterj^ stools and promotes 
greater viscosity of intestinal contents. Pectin from apples and other 
fruits is the most favorite product for this purpose. Magnesium silicate, 
kaolin and other insoluble aluminum salts, charcoal, as well as materials 
which swell or are readily hydrated to voluminous masses, are also widely 
used.® 


2. Opium and Cotoin 

The second route works by a local nervous mechanism utilizing the 
varied manifestations of morphine (Chapter XI). The constipating action 
of opium (Paragoric), or the combined alkaloidal salts of opium (Pantopon) 
is caused almost entirely by the morpliine content of these mixtures. The 
weakly antispasmodic properties of another opium alkaloid, papaverine, 
counteract the increase of the tone of the musculature of the bowel which 

becomes prominent after the disappearance of the peristaltic waves under 
the influence of morphine. 

Cotoin (2,6-dihydroxy-4-methoxybenzophenone, XVII-T) is the ac¬ 
tive principle of the Goto bark.’ It aboli.shes diarrhea by a similar mecha¬ 
nism as morphine. It has not been used much because of its extremely 
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OCH 3 CH 3 O 
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(XVII- 8 ) 



COCeHs 
OH 


bitter and sharp taste but derivatives prepared by the action of formalde- 

lyde on cotoin have been introduced as tasteless improvements on their 

prototype. Methylenedicotoin (XAHI-S) is a representative of this class 

o compounds. It is supposed to be a more powerful antidiarrhetic drug 
than cotoin. 


® Emery, J . Am. Med. Assoc., 108, 202 (1937). 

’ Friinkel, Die Arzneimittelsynthese, 6th ed. Springer, Berlin, 1927, p. 770. 
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The constipating action of other classes of compounds has been 
observed occasionally during pharmacological tests for different types of 
activity. m-Phenylenediamine appears to check diarrhea, but the mecha¬ 
nism of its action has not become known. 

Many neurological and psychosomatic disorders find their expression 
in spasticity of the intestines, that is, high sluggishness of the intestinal 
muscles, because disturbances of enzymatic acetylcholine destruction under¬ 
score the effects of this hormone (Chapter XXI). Antispasmodic drugs, 
especially atropine, can alleviate these conditions. They will be discussed 
in Chapter XXIII. 

3. Astringents 

Compounds which give more or less firmly bound colloidal precipi¬ 
tates with the albuminoid portions of epithelial cells, and with cell se¬ 
cretions can counteract diarrhea by their astringent action. The most 
important therapeutic agents of this type are the tannins, calcium hydrox¬ 
ide and certain metallic salts. In addition to their antidiarrhetic action, 
they are used as etching and membrane-contracting drugs on inflamed and 
chafed surfaces and mucose membranes, and in the protein-coagulant 
treatment of burns. 

The tannins are water-soluble glucosides of polydepsides, polymeric 
esters of gallic acid. They are found in nature in various forms. Tannic 
acid (tannin) is usually prepared from nutgalls, which exude from oak 
twigs to encapsule the eggs of insects laid under their bark. They are 
pale-colored powders which can be liydrolyzed by dilute acids to gallic 
acid (3,4,5-trihydroxybenzoic acid) and glucose. The chemistry of tannin 
has been studied by Emil Fischer, and further details of its structure have 
been investigated by Russel. 

Tannin is weakly acidic and acts both by virtue of its colloidal par¬ 
ticle size and its structural characteristics. It is hydrolyzed enzymatically, 
and some efforts have therefore been made to preserve tannin if it is to 
exert its activity in the duodenum. The alcoholic acetyl esters of tannin 
are almost tasteless powders, insoluble in neutral or acid medium, but 
soluble in dilute alkali; they precipitate proteins in the intestine and combat 
diarrhea successfully. 

Dilute calcium hydroxide solutions act as astringent constipating 
agents by precipitating fatty acids as calcium salts and neutralizing excess 
mineral acids. Their fletergent activity aids in removing mucus from 
inflamed membranes and thus facilitates cleansing processes. A decrease 
of the excitability of the autonomic innervation of the intestines by calcium 

ions has also been noted. , , 

Other metallic compounds which have been used against larr e 

include basic bismuth nitrate, Bi( 0 H) 2 N 02 , which coats non enu e 
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mucus membranes with a film protecting them from the effect of excess 
secretions. 


VII. CATHARTICS AND EMETICS 

1. Cathartics 

The desire to purge the system of noxious products and to relieve con¬ 
stipation by means of drugs is one of the oldest ideas of medicine and 
self-medication. Chemicals from the plant and mineral world have been 
used by ancient and modern man as cathartics (Ka0apTiKOi= purif 3 nng), 
purgatives or laxatives {laxao = to loosen). They constitute the most 
widel}’^ used—and abused—drugs, combining considerable scientific inter¬ 
est with economic value. Both j)ure natural and sj-nthetic compounds, 
as well as pharmaceutical lierbal mixtures arc represented in large num¬ 
bers in this series, because the rapid and readily observ'able action of 
laxatives in accelerating and increasing the evacuation of the bowels has 
made possible many observations of cathartic activity among widely differ¬ 
ent chemicals. 

Several classifications of laxatives have been proposed, based on the 
type of evacuation thej' produce, or based on their ph^’siological mode of 
action. Although the phj'^sical consistencj' of the stools, and the speed 
with which they are evacuated, are of consideral')le interest to the prac¬ 
titioner, the medicinal chemist will prefer to combine this classification 
of laxatives with the more scientific aspect of their mechanism of action. 
Within each group, further classification according to the chemical struc¬ 
ture of the drugs can be arranged conveniently. 

Irritants increase the motor activity of the intestinal walls, and thus 
propel the intestinal contents rapidly toward the site of expulsion. Mild 
irritation results in improved peristalsis accompanied by soft evacuation, 
because fluids ordinarity absorbed from the intestine have no time to pass 
through the intestinal wall. Among the irritants in tliis category are 
phenolphthalein, Isacen and certain anthraquinone derivatives. 

Other irritants have a more drastic effect and act as hydragogs, 
producing watery stools. They cause retention of large amounts of water 
in the intestine by creating high osmotic pressures and withdrawing fluid 
from the circulation in order to dilute their own solutions. They are 
particularly effective if they are not readily absorbed themselves; the 
saline cathartics, sodium and magnesium sulfate, magnesium hydroxide 
(milk of magnesia), magnesium citrate and carbonate belong in this group. 

Certain glyceride-type oils, and the so-called resinous cathartics 
exert their action by irritation of the small intestine. It will be showm 
t at their mechanism of action may involve a denuding of the intestinal 
epithelium by removal of lecithins. The mode of action of calomel 
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(Hg 2 Cl 2 ), a widely used purgative, is not quite clear; this reagent seems 
to interfere with the normal conversion of the bile pigment biliverdin to 
bilirubin in the large intestine.® 

Bulk cathartics are indigestible materials which add volume to the 
feces and absorb water. Bran, agar, psyllium and Plantago seeds and 
other hydrophilic fibers and gums, including hemicellulose, and esters 
and ethers of cellulose, such as sodium carbomethoxycellulose, produce 
semi-solid stools. 

Perhaps the most harmless way of counteracting the slow movement 
of the feces in constipation is to lubricate the intestines with paraffin oil 
(liquid petrolatum, mineral oil). This material also improves the peri¬ 
staltic waves in the stomach and the intestines. The only disadvantage 
of this medication lies in the solubility of carotinoid and steroid vita¬ 
mins in aliphatic hydrocarbons, and vitamins A and D may thus be 
lost to the system. 

Elimination of feces in constipation can also be induced by the time- 
honored device of enemas. Cold water introduced into the colon, warm 
soap solutions, soap or glycerol suppositories, as well as salt solutions or 
ointment-like paraffin-olive oil mixtures have been used successfully in 
this procedure. 

a. Anthraquinone Cathartics 

A number of dried leaves, roots and liquid extracts of a variety of 
Frangula, Rumex, Polygonum, Rheum and Aloe plants contain anthra¬ 
quinone derivatives which exert mild laxative activity. The active prin¬ 
ciples occur as glycosides and can be obtained by hydrolysis of these com¬ 
pounds. The most prevalent anthraquinone in all the plant species is 
emodin (1,6,8-trihydroxy-3-methyl-9,10-anthraquinone). It is doubtful 
that the anthraquinone content of the plants per se is solely responsible 
for the cathartic action of the latter. Emodin itself does not possess laxa¬ 
tive properties worth mentioning, and it may be that a metabolic product 
constitutes the active principle. Chrysophanic acid, another anthra- 
■ quinone derivative of this series, is also inactive but yields, on oxidation, 
a mixture of substances which are energetic purgatives. A similar change 
could occur in the organism. 

The pharmaceutical profession usually calls all the drugs in this 
series the emodin group. The cathartic action of these materials had 
been recognized by ancient peoples, Arabians, Chinese, African and ^ ^ 
Indian natives and California Indians. Even today, the active prmcipl^ 
are still not isolated but the plant materials are administered in suitable 

tablets, powders, and tinctures. 

» Schmidt, Beazill, Atkinson, and Ivy, Am. J. Digest. Diseases, 5,613 (1938). 
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The most widely used laxative of our day is the drug Senna, ob¬ 
tained from the fruity pods or leaves of the Mediterranean plant Caania 
senna.^ It contains aloe-emodin (S-hydroxymetliylclirvsazin or 1,8-di- 
hydroxy-S-hydroxymethylanthraquinone, XVII-O) and rhein (1,8-diliy- 
droxyanthraquinone-3-carboxylie acid, X^TI-10) as its chief active com¬ 
ponents. The latter is undoubtedly an oxidation product of aloe-emo<lin. 


HO 





CH20H 



COOH 


O 

(XVII-9) 

Aloe is a bitter tasting material consisting of the dried juice of tlie 
cactus-hke leaves of African or Caribbean aloe plants. The active prin¬ 
ciples of aloe are mixtures known as aloin. The latter contains pentosides 
of anthraquinones and is often used in place of the viscous i>lant extracts. 
Aloin IS hydrolyzed to its components in the intestines, and causes dis¬ 
comforting irritation as it induces peristaltic mo\'ements of the large 
bowel. The individual pentosides are barbaloin (CaJIisOe) which is hy¬ 
drolyzed to aloe-emodin (XVIl-9) and />>-arabinose; isobarbaloin which 

gives l,4,o-trihydroxy-2-methylanthraquinone (XVII-il) and an aldopen- 





O 

(XVII-12) 

tose; and 0-barbaloin which furnishes another anthratiuinone derivative. 

Rhubarb IS obtained from Chinese varieties of Rheum plants- the 
Amencan varieties grown as vegetables are devoid of laxative action 
Ihe cathartic principles of rhubarb are polyhydroxy-^-methylanthra- 

aloeemodin (XVII-9), emodin (frangula emodin, 6-hydroxy-3-methyl- 

'» Err';;fd y Arch. Phar,n. 250, 301 (1912). 

Chem. Soc. i6, 1316 (1924). ’ ' Adams, J. Am. 
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chrysazin, XVII-12), emodin 6 (?)-monomethyl ether, chrysophauic acid 
(3-methylchiysazin, XVII-13), rhein (XVII-10) and arabinose. The pres¬ 
ence of tannins in rhubarb makes the drug constipating as well 
as laxative, and the constipation following administration of rhubarb 
preparations occasionally acUls insult to injury. 

Gascara sagrada is the dried bark (“sacred bark^’) of the buckthorn 
{Rhamnus purshiana) which grows in the Western part of North America. 
The glycosides of this bark are frangulin which can be hydrolyzed to 
emodin (XVH-12) and an isomer, isoemodin. The plant also contains 
an emetic substance which slowly decomposes on storage, and this makes 
it imperative that the drug is not used within one year of its preparation. 

The common feature of the 9,10-anthraquinones in these cathartic 
drugs is the presence of a methyl group or its oxidative stages (—CHaOH, 
—COOII) in position 2, and at least two phenolic hydroxys in the 4- and 
5- positions. Since aloe-cmodiu (with —CHaOH) acts most powerfully, 
emodin and chrysophanic acid (with CHs) less strongly and rhein (with 
COOH) least effectively, one must assume that the primary alcohol stage 
is distinguished by some special biological reactivity. One might com¬ 
pare this with the carcinogenic (also an irritant activity?) properties of 
9-hydroxymcthylbenzpyrencs which are more pronounced than those of 
the corresponding methyl deriv'ativcs." Tlie carboxyl group in rhein rep¬ 
resents probably a partly detoxified—and thei'efore less active—stage of 
the anthraquinone cathartics. 

More important is the function of the alpha-hydroxyl group which, 
in the mordant anthraciuinone dyes, can form chelated metal salts with 
the quinone carbonyl. It is interesting that all the hydroxyquinones 
known to possess cathartic activity contain phenolic hydroxyls in positions 
which permit chelation (XVH-14). This fundamental requirement is 
fulfilled in the different 1-hydroxyanthraquinones (1,2,7-, 1 ,2,6-, 1,2,3-, 

1,2,4-trihydroxy-, 1,3-dihydroxy- and 1,2,3,4-tetrahydroxyanthraqui- 
none) as well as in naphthazarin (X\TI-1”>) and the o-hydroxy-p-quinone 



(XVII-14) (XVII-15) (XVII-16) 


Fiescr and Ilcrshberg, J. Am. Chern. jSoc., 60, 2542 (1938). 
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derivative, embelic acid'^ (xVII-10). As far as one can gatiier, hydroxyl 
groups other than those permitting chelation modify onlj' the rate of 
absorption and alteration of the polyhydrox 3 ’'anthra(juinones in the in¬ 
testine, and thus determine their ultimate cathartic usefulness in an in¬ 
direct manner. 

There have been numerous attempts to sj'nthesize h^’^flroxj'quinones 
which would be pharmacologically superior to those obtainable from 
plant materials. Most ot the s\’nthet!c analogs act, howev'cr, too drasti¬ 
cally and also cause kidne\' damage. Only I jS-diliydroxj'anthraciuinone 
(Istizin) and Exodin, the hexamethyl ether of rufigallic acid (XVlf-lV), 
have had short-lived practical use.*^ 


0 



b. Phenolphthalein 

The laxative action of phenolphthalein (XVII-IS) was discovered by 
accident when, about fifty years ago, the Hungarian government decreed 
that phenolphthalein should be added to wines to indicate contamination 
with basic adjuvants. The wines thus treated were then found to have 
cathartic effects. Phenoljihthalein has [become the most succe-ssful syn¬ 
thetic laxative, both because it is easil>' manufactured from phthalic 
anhydride and phenol, and because in contrast to many other laxatives. 
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(XVlI-18) 


f ^Pharmaceutical preparations containing 

phenolphthalein are on the market under countless names. 

Vieth, Munch, med. Wochschr.^ 35, 1381 (1901) 

” Da, Anlhracen und die Anthrachinone. Thieme Leipzig 

76?-765 ’ ^'^'^i'^Mel-Synthese, 6th ed., Springer, Berlin, 1927, pp.' 



276 


CHAPTER XVn 


The mechanism of the cathartic action of phenolphthalein has been 
the subject of much controversy in the pharmacological literature. The 
frequent statements that it acts as an intestinal irritant by virtue of its 
acidic phenoUc groups can barely be taken seriously since many more 
acidic compounds, including phenolic analogs of phenolphthalein, possess 
no purgative properties. The question as to whether phenolphthalein 
acts locally on the smooth intestinal muscle, or by way of a nervous path, 
has not yet been answered. 

The effect of systematic variations of substituents in the phthalein 
structure and in related systems has been studied by Loewe.“ Among 
polyhydroxy diphenylphthalides, the trihydric pyrogallolbenzenephthalein 
(XVII-19) has 1.63 times the laxophore activity of phenolphthalein. 
Phenolpyrocatecholphthalein (XVII-20) had 68.5%, and phenolpyrogallol- 
phthalein (XVI-I21) 47% the potency of their prototype. Activity de- 


CO CO 



OH 

(XVII-19) (XVII-20) 

CO 


(XVII-21) 

creased in general for less phenolic and non-phenolic phthaleins. Ethers 
and esters of the phenolic compounds were generally less active than the 

Loewe, J. Pharmacol. Expll. Therap., 94, 228 (1948). 
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corresponding free phenols; for example, the diacetate anti dilienzoate of 
phenolphthalein exhibited only 30%, and 8% respectively, of the laxa¬ 
tive potency of their parent compound. 

Among analogs of phenolphthalein, the laxopliorio character of tlie 
two-ring system was lower in those tlerivatives in wliich the honzenc part 
of the carbon structure was enlarged by substitution, or wlien the phtlial- 
ide was replaced by phthalimide or anthrone. It was greatly enhanced 
in isatin or naphthalide structures. Plienolnaphtlialein had five times 

the potency of phenolphthalein, and Isacen was 17 times more active 
(see below). 

Some individuals are allergic to phenolphthalein but they usually 
have idiosyncrasies to other drugs as well. More common is the complaint 
that phenolphthalein causes intestinal griping, and this drawback can be 
overcome, in part, by using the diacetyl derivative {XVlI-22). Other 
esters have also been tested; a mixture of the acetyl and isovalcryl tleriva¬ 
tives has been marketed as Aperitol. 
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(XVII-22) 


The lactam analog of diacetyl phenolphthalein, 3,3-bis-(p-acetoxy- 
phenyl) oxindole (XVIl-23) has been introduced as Isacen. It can be 
prepared by condensing isatin (XVn-24) with phenol and subsequently 
acetylating the hydroxyls of the reaction product. 
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c. Cathartic Resins 


The dried roots of plants of the Convolvulaceae family contain gluco- 
sidic resins which constitute ancient purgative medicines. From Exo- 
gonium purga, the resin convolvulin is obtained in Mexico, India and 
Jamaica. The jalap resin (jalapin) originates in Ipomoea orizabensis, while 
scammonin is a constituent of a resin from scammony found in a morning 
glory-like Mexican vine. The resins are insoluble in water but dissolve 
readily in bile or dilute solutions of bile salts. They have a marked 
solvent power for lecithins. The resins are also strongly hemolytic, and 
this property is retained to some extent by the glucosidic resin acids, 
purgic, convolvulic, jalapic and scammonic acids obtained by hydrolysis 
of the respective resins with barium hydroxide. Further hydrolysis with 
mineral acids splits off glucose and furnishes several alcoholic acids two 
of which have been characterized chemically.*^ Jalapinolic acid is (+) 
11-hydroxyhexadecanoic acid [CH 3 (CH 2 ) 4 CH 0 H(CH 2 ) 9 C 02 H], while con- 
volvulinolic acid is a hydroxypentadecanoic acid; the position of the 
alcoholic hydroxyl group of this compound has not been definitely de¬ 
termined. 

The structural analogy between these hydroxy acids and the much 
more carefully investigated ricinoleic acid from castor oil is unmistakeable. 
It is possible that all these acids owe their cathartic activity to their abil¬ 
ity to detach a protective lecithin film from the intestinal wall.*® 

The Mediterranean curcubitacea, Ecballium elaterium (bitter apple, 
bitter cucumber), a water melon-like plant, contains in the pulp of its 
unripe fruit an intestinally hritant resin called colocynth. Several phyto¬ 
sterols have been isolated from this fruit, but the drastic cathartic and 
diuretic action of the resin appears to be due to two optically active com¬ 
pounds, alpha- and beta-elaterin. The laevorotatory alpha-derivative 
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Davies and Adams, J. Am. Chem. Soc., 50, 1749 (1928). 
Valette, Compi. rend. soc. biol., 125, 405 (1937). 
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has been the subject of a preliminary structural study.It lias the (com¬ 
position C 28 H 38 O 7 and contains a benzopyrone ring system. A provisional 
formula can be expressed by (XVII-25). 


d. Podophyllum 

The dried rhizomes and roots of certain Berhcridaccac yield resinous 
mixtures which have both medicinal and poisonous properties. The most 
common source of these resins is Podophyllum pclfatum, also called may- 
apple root or mandrake apple. It grows in the Northeastern United States 
and in Canada, and its podophyllum resin was used bv Ameri(*an Indians 
as an anthelmintic, emetic and cathartic. A similai' resin is obtained by 
alcohol extraction of the North-Indian Podophyllum cmodi. 

The crude resins contain toxic materials which can be lemoved by 
extraction with chloroform.*® dhe purified resins from both sources owe 
their physiological activity principally to podophyllotoxin. This is ac¬ 
companied by a pharmacologically inert isomer, picropodophyllin, 
C 23 II 24 O 9 , and by the yellow hydroxyflavone, (luercetin or podoi)hyllo- 
(juercetin.*^ J he structures of the isomeric cornpoimds ha\'e been elabo¬ 
rated by Borsche and Niemann, and by Hartwell.'^'* In contrast to older 
proposed structures, podophyllotoxin and j)icropodophyllin appear to be 
Ca-cpimers as expressed by the alternative formulas (X^■^]-20) and (X\TI- 

27). The position of the liydroxyl group has not yet been definitely 
located. 


OH 


HoC 
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CH 
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CO 
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0CH3 

(XVII-26) 


II 2 C 


HO 



CHaO^^OCH 

OCH 3 

(XVII-27) 


*’ Borsche and Diacont, Ann., 528, 39 ( 19 . 37 ). 

Viehover and Mark, J, Am. Pharni. Assoc., 27, 6.32 (1938). 

Dunstan and Henry, J. Chem. Soc.y 73, 209 (1898) 

” “TTlwr'^WtTn"' ■72 '.“’'',’ Borsche, Ann., 526, 
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The structures expressed by (XVII-26) and (XVII-27) bear a cer¬ 
tain resemblance to guaiac resin acid^^ (XVII-28) which probably arises 
from the condensation of two molecules of coniferyl alcohol (XVII-29). 
This similarity sheds some light on the natural origin of the podophyllum 



OH 

(XVII-29) (XVII-28) 


substances. The diphenylmethane portion, and the presence of a lactone 
ring in podophyllotoxin also recall similar structural characteristics of the 
phenolphthalein molecule and suggest a relation of these groups to gastro¬ 
intestinal activity. 

e. Irritant Cathartic Oils 

Extraction of the castor bean, the seed of Ricinus communis, fur¬ 
nishes a colorless and—when pure—tasteless oil which has been used for 
generations as a purgative under the name of castor oil. Its medicinal 
use has declined somewhat in recent years and new outlets for this im¬ 
portant agricultural product have been found by incorporating it in hair 
tonics, and using it as a raw material in the plastics industry. 

The essential acyl components of castor oil are ricinoleic acid (12-hy- 
droxy-9-octadecenoic acid, CH 3 (CH 2 )bCHOHCH 2 CH = CH(CH2)7COOH), 
accompanied by smaller amounts of its stereoisomer, isoricinoleic acid, 
and 9,10-dihydroxystearic acid. Isoricinoleic acid can be formed by acid 
rearrangement of ricinoleic acid. It is inactive, and its esters do not 
produce catharsis either. The burden of the laxative activity of the oil 
rests on ricinoleic acid. Synthetic derivatives from which the acid can 
be regenerated in the intestine are active, whereas insoluble salts, am¬ 
ides, etc. have no laxative properties. Local irritation in the sinall m- 
testine, perhaps by a de-lecithinizing of the mucosa, is responsible tor 

the action of ricinoleic acid. ^ 

Esterification of the alcoholic groups of ricinoleic acid witli oenzoy , 

anisyl and other acyl groups has been undertaken in the hope o ecrea 
31 Schroeter, Lichtenstadt, and Irineu, Ber., 51, 1587 (1919). 
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mg the nauseating side-effects especially of cruder castor oil preparations. 
These acyl derivatives have not become useful laxatives. 

A now virtually abandoned purgative is croton oil, obtained from 
the seeds of Croton iiglinm. It is the most drastic cathartic and so irritant 
that doses of O.Oo g. will bring about extensive evacuation. The oil con¬ 
tains an irritant crystalline alcohol, phorbol, which acts not only in the 

intestine but can be used as a blistering agent and counter irritant on the 
skin. 

Sodium licinoleate has also found use in sclerosing varicose \'eins. 
In such veins it is necessary to produce a firm and adherent thrombus 
and then to protect it from excessive hydrostatic pressure for a long time. 
Other salts of long-chain acids have also been employed, for example, 

sodium 2-methyl-7-ethylundecyl-4-sulfate [CH3(CHo)3CII(C2lh)fCIIoI 
CH(0S03Na)CH2CH(CH3)2]. ‘ 


Vlll. EMETICS 

Emetics are drugs which induce vomiting. They have been used 
in cases of food or drug poisoning, or to remove foreign objects from the 
stomach, but are being employed rarely now and have l^ecn superseded 
by lavage of tlie stomach through the stomach tube. It is a dubious com- 

pliment for a drug to l)e labeled an emetic: on the wliole, emesis is a toxic 
side etiect that only too many chemicals produce. 

Vomiting IS a complicated act arising from the confluence of many 
organic and psychic factors. Some compounds appear to cause emesis 
by periidieral nervous mechanisms, by action on the heart, or reflexly by 
local irritation of the gastric mucosa, but the majority of emetics act upon 
the vomiting center in the medulla. Their effect can still be noted in 
he retching movements and the nau.sea of laboratory animals whose 
gastio-inte-stinal organs have been completely excised. 

Copper sulfate, zinc sulfate and pota.ssium-antimony tartrate (Tartar 
Emetic) have been employe.! as peripherally acting emetics but their 
maigin of safety is small. The active irritant principle of mustard allyl 

reflex action 

the alkaloids sempervirine and gelsemoidine from Gchemium?^ also belong 
m this group. Indeed, the alkaloid emetine, the chief base of ipecac ra! 

LnS r it acts maTnTy by a 

cential mecdiamsm. Its unsafe emetic and namseant properties limit the 

application of emetine as an amebicidal agent (Chapter 

23 Path. Pharmakol., 193, 117 (1939) 

Christensen and Gramling, J. Am. Pharm. AssoJ, 27, mS (1938). 
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The most important centrally acting emetic is apomorphine (XVII- 
30), obtainable from morphine (XVII-31) by treatment with hot mineral 
acids. The rearrangement of the N-heterocyclic section, and the disap- 



(XVII-31) (XVII-30) 

pearance of the furanoid ether ring bring about a deep change in pharma¬ 
cological behavior. Apomorphine no longer has analgetic properties but 
its excitatory action on the vomiting center has become predominant. 

As pointed out in the discussion of opium alkaloids, morphine and 
many of its semi-synthetic derivatives cause nausea and vomiting in a 
considerable number of individuals. Other isoquinoline derivatives have 
similar properties. For instance, analgetic and emetic action has been 
claimed for 1-phenethyltetrahydroisoquinoline derivatives such as (XVII- 
32) .24 



CHaCHaCflHft 

(XVII-32) 

A rather unexpected emetic effect can be produced by intravenous 
infusion of glutamic acid, H02CCH(NH2)(CH2)2C02H. The implica¬ 
tion of this observation for the clinical use of protein hydrolysates is not 
clear.2® 

IX. ANTI-EMETICS 

Emetic spasms can be combatted by hypnotics and sedatives which 
lower the excitation of the vomiting center. Nembutal and other barbitu¬ 
rates are quite effective. 

The nausea and emesis of motion sickness, of pregnancy and^ of 
post-anesthetic conditions can be overcome successfully by Dramamine, 
the 8-chlorotheophyllinate of Benadryl. The chemistry of this drug will 
be described in Chapter XXIV. 

” Kulz and Hornung, U. S. Pat. 2,223,373 (1939). 

« Roth, Richards, and Steggerda, Proc. Soc. Exptl. Biol. Med., 62, 282 (Wibj. 
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Expectorants 


Expectorants are drugs which relieve congestion in the lower respira¬ 
tory tract, the lungs, bronchi and trachea, by removing mucous exudates 
from inflamed surfaces of these organs. The usual method of evaluating 
expectorant activity is to collect the fluids expelled from the respiratory 
tract by coughing, and measuring their volume.^ The mechanism by which 
expectorants act determines their traditional classification^ as sedative, 
anodyne and stimulant expectorants. 


I. SEDATIVE EXPECTORANTS 

Sedative expectorants aid in the secretion of a ])rotecti\'e mucous 
film which covers up inflamed membranes and increases the efficiency of 
the removal of slimy exudates l)y coughing. A number of simple salts 
have proved their value for this purpose. Ammonium carbonate, chloride, 
and acetate, alkali citrates, and especially inorganic iodides are widely 
used. The latter, taken orally or intra\'enously, are excreted into the 
bronchial secretion within 15 to 25 minutes, and their instating action 
there accounts perhaps for their expectorant activity.^ 

Small do.ses of tartar emetic (antimony potassium tartrate) have 
long been use<l to loosen mucus in tlie respiratory organs. Ipecac, the 
parent material of emetine, mixed with sweet-tasting syrups, is one of the 
favorite expectorants in croupous tironchitis in children. These substances 
are classified as nauseating sedative expectorants. Their syrupy pharma¬ 
ceutical preparations also contriinite to a soothing action on irritated 
membranes of the throat. Tliis re.sult is achieved oven more effectively 
by the so-called demulcent syrups of Acacia and the like. 

The alkaloid thermopsin from Thermopsis lancelolala is said to be 
more effective than ipecac as an expectorant in tuberculosis. It acts as 

a nauseating irritant but has also a central effect on the respiratory and 
vascular centers.** 

‘ Perry and Boyd, J. Pharmacol. Exptl. Therop., 73, 65 (1941) 

‘ Az 

* Tuft and Levin, Am. J. Med. Sci., 203, 717 (1942). 

* iParmakoL, 1937, No. 7, \ -,Chem. Abslr., 


283 



284 


CHAPTER XVm 


II. ANODYNE EXPECTORANTS 

Anodyne expectorants act by depressing the area in the central 
nervous system which controls the cough reflex. The opium alkaloids 
codeine and to some extent—morphine, as well as the semi-synthetic 
morphine derivatives, Dicodid and Dilaudid, act by this mechanism. Co¬ 
deine is probably the most effective and most widely used of these sub¬ 
stances and constitutes the main antitussive component of many cough 
syrups. These mixtures have the purpose of stimulating secretion of mu¬ 
cus and yet delaying cough until the mucus can be expelled. 

The chemistry of the opiates has been discussed in Chapter XI. 

There is much evidence for the theory that morphine and its deriva¬ 
tives act partly by an autonomic mechanism. Part of the paras 5 Tnpathetic 
syndrome is a profuse stimulation of secretions of glands and membranes. 
The cholinergic drugs (acetylcholine, Urocholine, Furmethide, Prostigmin, 
etc.) also increase the output of fluid from the respiratory tract to over 
1000% and may therefore be useful in expectorant medication.® 

By opposite reasoning, substances which suppress mucous secretions 
in the lower respiratory tract should alleviate congestion in these organs; 
the adrenergic drugs, epinephrine and ephedrine have actually been found 
of value in this respect. 

III. STIMULANT EXPECTORANTS 

The so-called stimulant expectorants comprise two groups, the mildly 
irritant volatile terpenoid oils, and the phenolic materials based on creosote 
which are excreted partly through the lungs and stimulate healing processes 
in inflamed areas of the bronchies. 

1. Terpenoid Oils 

The most common terpenoid oils which possess expectorant proper¬ 
ties are oil of turpentine, pine, juniper, lemon, eucalyptus, and oil of 
anise. The latter is the most effective of this group. In addition, terpin 
hydrate (XVIII-1) and cineol (XVIII-2) are useful expectorants.® The 
mechanism of their irritant and healing action has not been studied ade¬ 
quately. The whole field of using terpenes as medicinals has been neg¬ 
lected, in spite of the fact that so many pharmaceutical syrups and oils 
contain terpene components as flavoring agents. 

Oil of turpentine is obtained by steam distillation of the turpentine 
resin which is excreted through incisions made in the bark of coniferous 
trees, especially pines. The residue from the steam distillation contains 

® Boyd and Lapp, J. Pharmacol. Expll. Therap., 87, 24 (1946). 

® Boyd and Pearson, Am. J. Med. <Scf., 211, 602 (1946). 
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rosin (Colophonium) which is used in the lacquer, electrical, tar and paper 
industries. It consists of polymeric anhydrides of ahietic acid and .similar 
products. 

The main constituent of oil of turpentine i.s a-pinone (XVIII-3). It 
is usually accompanied ])y the isomeric /3-pincne (X\TII-4) in which the 



(XVIII-6) (XVIII-1) (XVIII-7) 




(XVIII-2) 

Figure 1. 


(XVIII-8) 
Terpenoid Oils 


double bond ,s extracyclic. a-Pinene is also found in other essential oils 
oi example, m oil of lemon, in which it occurs in smaller quantities besides 

constituent of this oil. Dipentene 

tl XVIII 2 besides cineol (eucalyp- 
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When a mixture of pinenes from oil of turpentine is treated with 
dilute mineral acids at ordinary temperature for some time, the triol 
terpin liydrate (XVIII-1) is obtained by hydration. The latter can also 
be synthesized in a more clear-cut manner from geraniol (XVIII-6) by a 
similar process. Continued heating at 100° dehydrates terpin hydrate to 
the cyclic diol, terpin (XVIII-7). 

Cineol (XVII-2) is the main constituent of oil of Eucalyptus, ob¬ 
tained by steam distillation of the leaves of the tree, Eucalyptus globulus. 
Other essential oils, (wormseed, rosemary) also contain cineol. Chemi¬ 
cally, cineol can be regarded as an inner ether of terpin. 

Mention should be made of the veiy common incorporation of the 
active principles of other essential oils in cough medicines. Menthol, 
eugcnol and isoeugenol are frequent components of cough drops, loz¬ 
enges, inhalers and externally irritant ointments. Menthol (XVIII-8) 
is the essential constituent of oil of peppermint from which it crystallizes 
on cooling. The major portion of commercial menthol is now manufac¬ 
tured synthetically. 

2. Creosote, Guaiacol and Creosol 

Creosote is a mixture of phenols derived from wood tar. Its main 
source is bee(*hwoo(l, but birch-, pine- and oakwood also furnish Creosote 
on pyrolysis. The smoky odor and sharp taste of Creosote is encountered 
again in its phenolic constituents, phenol, cresol, dimethylpyrogallol and 
the active princii)les of the oil, guaiacol (2-methoxyphenol), and creosol 
(2-methoxy-4-methylphenol). These phenols, expocially guaiacol, are part 
of many mixtures used as stimulant expectorants. Tliey are of definite 
value in loosening mucus with special application to chronic inflammatory 
processes sUch as bronchitis, lung abscesses or tuberculosis. The sputum 
decreases in quantity and loses its foul taste. There is no scientific sup¬ 
port for the old claim that guaiacol has curative properties in tuberculosis. 
The antiseptic power of guaiacol is negligible, its phenol coefficient low, 
and any relief obtained from its use is purely symptomatic.’ 

Creosote has been used in inhalers and as an adjuvant to steam in¬ 
halation in sick rooms. The calcium salts of the active phenols, calcium 
creosotate, can be taken orally, as can be creosote carbonate, prepared 
from Creosote and phosgene. In recent years, pure guaiacol has partly 
superseded Creosote, and most of the chemical work on stimulant expector¬ 
ants in this group has been based on guaiacol. 

^ Fellows, Am. J. Med. Sci., 197, 683 (1939); Council on Pharmacy and Chemistry, 

J. Am. Med. Assoc., 110, 209 (1938). 
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Giiaiacol (XVIII-9) is manufactured from o-nitrophenol which is 
meth 3 'lated with methjd chloride and reduced to o-anisidine. The latter 
is diazotized, and the diazo solution is hj^drolyzed with an acid solution 
of copper sulfate. 


/^OH 

l.CHsCl 

OPH 

I.HONO 

2,11^ 

xjry 2.11011^ 


(XVIII-9) 


IJoH 


Efforts to improve upon guaiacol stem from tlie relatively liigh 
systemic toxicity, the locally irritant action, the low solubility in water, 
and the bad taste of the parent compound. Numerous derivatives designed 
to overcome tliese drawl)acks ha\-e been tested, and have been used oc¬ 
casionally, but none of them are superior to guaiacol in all waj's. 

Ihe burning taste of guaiacol is lost in its phenolic esters, but tlie 
elimination of the hydroxyl function in these compounds decreases their 
solubility in water. Tfie first ester which was introduced into therapj^ 
was guaiacol carbonate (Duotai, X\III-10) which was prej)arcd l)y the 
action of phosgene or ethyl chlorocarbonate upon sodium guaiacolate. 

(a) 2 CHsOCJIiONa + COCb ^ {ClhOColUO) 2 CO + 2 1101 

(b) 2 CHaOCelhiONa + ClCOOC.Ha ^ (ClI, 0 C 6 n., 0 ) 2 C 0 

(XVIII- 10 ) + NaCl + NaOCsIIs 


Inorganic esters of guaiacol were prepared with the anticipation 
that as in guaiacol carbonate—they would be hydrolyzed in the body 
to guaiacol and a physiologically inert acid component. The phosphate 
(X\III-ll) can be made from the phenol and pho.sphorus oxychloride. 

3 CII 3 OCGII 4 OII + POCI3 —> (CH30C6II40)3P0 + 3 HCl 

(XVIII-11) 


Guaiacol acetate, valerate, cinnamate, etc., have also been tested. 

the mam advantage of the more complex esters is their increased solubility 

m hpids which gives an altered distribution picture in different organs. 

borne of them appear to exert an antiseptic action without being hydrolyzed 
to the components. 


Ethers of guaiacol are of interest only as far as the ether group in- 

OCH OTTnUPW functions. The glyceryl ether, o-Cn,OCdU- 

^2CH0^CH20H, IS water-soluble and has e.xpectorant properties simi- 

ar to guaiacol; it has been said to be cleaved to its components by the 

intestinal Hora. In any case, the bad taste of the parent compound re- 
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turns with solubility in water, and the compound has no advantages over 
guaiacol. 

A tasteless and water-soluble derivative of guaiacol which is hydro¬ 
lyzable to its components can be obtained by addition of alloxan (XVIII-IS) 
to guaiacol. The addition product (XVIU-12) is, however, as toxic as 
the parent phenol. 
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CO CO 


+ 




O NH 

\co/ 

(XVIII-13) 
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COH NH 
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(XVIII-12) 


No advantages are gained by condensing guaiacol with formaldehyde 
(XVIII-14, n = 1) or separating the two aromatic rings by a pol 5 rmethylene 
chain (XVIII-14, n > 1). These compounds are as irritating as guaiacol 
and less active. Replacement of the methoxyl group of guaiacol by ethoxyl 
does not alter its properties. 


CH 
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HO 




(Clh) 


/X 




0CH3 

OH 


(XVIII-14) 


As in many other instances, sulfonation sharply reduces the physio¬ 
logical activity of guaiacol. Nevertheless, a mixture of guaiacol-4- and 
-5-sulfonic acids has been used for years under the name of Thiokol (XVIII- 
15). The solubility of the sodium or triethanolammonium salts of these 
acids is high, but their activity is doubtful. Similar sulfonic acids derived 
from thymol (XVIII-16) have been recommended even in more recent 
years.® Thymol is manufactured from oil of thyme or oil of ajowan (from 
Ptychotis coptica), and can be used as a relatively non-toxic, insoluble, 


HO,S 



CH,/SoH 




CH(CH3)2 


(XVIII-15) (XVIII-16) 

and systemically poorly absorbed antiseptic agent. 


® Goebel, German Pat. 672,857 (1939). 
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Adrenergic Drugs 


I. INTRODUCTION TO AUTONOMIC DRUGS 

This Chapter and the following four deal with drugs acting on cell 
chemicals of organs and muscles inner\'ated by autonomic nerves. The 
most prominent compounds in this group have Ijcen classified as adrenergic 
and cholinergic stimulants and blocking agents. An understanding of their 
classification and pharmacodynamic differences is based on the mode of 
transmission of nervous impulses, and on a bi ief survey of the anatomy and 
physiology of the autonomic (vegetative or involuntary) nervous system. 


1. The Autonomic Nerves 


The secretory power of the glands, the involuntary movements of 
the smooth muscles, the viscera, the heai’t and the blood vessels are reg¬ 
ulated by the autonomic nerves. The somatic ner^•es, by contrast, control 
the voluntary skeletal muscles. Tlie functions of Ijoth nervous systems, 
the involuntary and the somatic, ai-e integrated in the central nervous 
system to permit smooth operation, and coordination of all body functions. 

The two motoric branches of the autonomic nervous sj'stem are the 


sympathetic and the parasympathetic divisions. The sympathetic nerve 
cells, lying in the so-called sympathetic chain emanating from the spinal 
cord, are connected with axones which synapse with neurons but often 
not before tra\'ersing several other ganglia. The neurons at wliich the 
synapse occurs lie in terminal ganglia sometimes at a considerable distance 
fiom the innervated organ. I his, together with the great ramification of 
sympathetic nerves, may cause sjmapsing of one preganglionic fiber with 


many postganglionic neurons. The preganglionic fiber resembles the main 
wire from a switchboard which is subdivided into many party lines. Just 
as one can listen to a conversation of another party on the same line, im¬ 
pulses received from, or transmitted to any given effector organ (glands, 
muscles) will also be felt by other organs innervated by sympathetic nerves. 
At times of great stress all these organs are mobilized simultaneously for 
the defense of the whole body, the sympathetic nervous system acting as 
a unit. Drugs which mimic sympathetic stimulation will therefore have 
effects in many parts of the organism. 
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The long preganglionic fibers of the parasympathetic nerves emerge 
from the central nervous system, the brain, the medulla oblongata and the 
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Figure 1. General Arrangement of the Autonomic Nervous System: The central 
nervous system is represented at the left. Somatic nerves are 
not shown. The preganglionic fibers are in broken lines, 
the postganglionic fibers in solid lines.* 

sacral part (the four lowest segments) of the spinal cord. They connect 
to short postganglionic portions innervating glands, viscera, sex organs, 

*From Murchison, Foundation of Experimental Psychology, Clark University Press, 
Worcester, 1929. 
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the iris, etc. The terminal parasympathetic ganglia lie near these organs, 
and therefore each innervated organ can be stimulated separately with 
relatively’ little effect on the other body structures connected to this system. 
The heart may be slowed by parasympathetic stimulation, or Ijy para¬ 
sympathomimetic drugs without a lowering of the blood pressure; or the 
bladder and the rectum can be emptied without an effect on vision. The 
parasympathetic ner\-es (cranial, facial, vagus, sacral) thus elicit distinct 
and separate symptoms in remote locations of the body. Vasodilator con¬ 
trol is a function of the parasympathetic system. 

Virtually every involuntary muscle or gland cell is innervated by both 
sympathetic anti parasy’mpathetic fibers. One may therefore observe the 
effects of either stimulation or blocking in the same organ. Some oi’gans 
can exhibit an automatic (autonomous) acti\'ity even if denervated. The 
effects of exciting and dei)rcssing the involuntary muscles and tlie glands 
can be demonstrated l)est on organs remo\’ed from the body. For instance, 
spasms of isolated visceral muscles can be allayed by certain antispasmodics 
which act directly upon the surviving oi’gan irrespective of innervation 
(mus(;ulotropic drugs). Otlier compounds protlucing similar gross effects 
act directly on the nerve (neurotropic drugs) and by means of this mech¬ 
anism finally upon the innervated end-organs. 


2. Acetylcholine 


Definite proof for chemical mediation of 
advanced by the classical researches of I>oewi, 


nervous transmission was 
^ of Dale,- and of Cannon.^ 


Loewi stimulated the vagus ner\'e of a surviving frog heart (donor) sus¬ 
pended in a buffered isotonic salt solution; a substance which he called vagus 
substance or parasympathin was liberated into the perfusion liquid, and 
the rate of a second frog heart (recipient) could be slowed dowm by it. 
Later evidence established the fact that parasympathin is really acetyl¬ 
choline (CH3C(30CIl2CIl2N(CIl3)30H). 

Acetylcholine is released from an inert precursor of unknown nature 
at the synapse by preganglionic nerve impulses in any part of the nervous 
system, sympathetic or paras 3 'mpathetic. Tliese impulses stimulate gan¬ 
glionic cells. It will be seen that this theory-, together with that concerning 
sympathin, has made necessary a reclassification of nervous functions. 
Any nerve which releases acetjdcholine to effector organs is now called 


> Loewi, Arch. gcs. Physiol., 189, 239 (1921). 

- 6. 147 (1914). Dale and Gasser, ibid., 29, 
^3 (1936) ° Feldberg, J. Physiol., 81, 320 (1934); 82, 121 (1934); 86, 

' Cannon and Uridil, Am. J. Physiol., 58, 353 (1921). Cannon and Rosenblueth, 
ibid., 104, oo7 (1933). Cannon and Lissak, ibid., 125, 765 (1939), 
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cholinergic. In this group are both types of autonomic nerves as well as 
the somatic motor nerves to skeletal muscles. 

The adrenal medulla which secretes epinephrine is innervated by pre- 
ganglionic sympathetic nerve fibers and is therefore stimulated by acetyl¬ 
choline. Thus, the apparent anomaly of the stimulation of the secretion 
of the medullary hormone by its physiological antagonist has found a 
rational explanation. The recognition of acetylcholine as the chemical 
which sets in motion the reactions leading to muscular contraction is 

further support for the correctness of the classification of nerves on a 
chemical basis.^ 


3. Epinephrine and Norepinephrine 

The impulses of postganglionic sympathetic nerves release substances 
which produce in the innervated organ effects very similar to those of 
epinephrine, the hormone of the adrenal medulla. Cannon called the 
substances sympathin and regarded them as identical with epinephrine 
(3 ,4-(H0)2C6H3CH0HCH2NHCH3). Dale, using the brand name Adren¬ 
alin instead of the then not yet coined name epinephrine, introduced the 
designation of adrenergic nerves for sympathetic postganglionic nerve 
fibers capable of releasing sympathin. 

The true nature of sympathin has only recently been established with 
some certainty. It consists of two chemical compounds, epinephrine, 
(Adrenalin XIX-1) and L-norepinephrine (n-Arterenol, XIX-2). The 


HO 

HO 






CHOHCH2NHCH3 HO 


HO 




V/ 


CHOHCH^NH. 


(XIX-1) 


(XIX-2) 


two compounds have been separated® from the natural hormone mixture 
from adrenal glands (perhaps from nerves) by filter paper chromatography 
and by other fractionation methods. They appear to occur in the mixture 
at an approximately constant ratio, regardless of the animal source. This 
finding explains many previous incongruous observations of apparently 
contradictory pharmacodynamic activities of natural S 3 mpathin, such as 
differences in cardiac and intestinal and also in pressor actions. For a 
long time, the existence of two sympathins (E and I) had been suspected, 
and even their true chemical structure had been intimated. The separa- 


* Dale, Science, 90, 393 (1939). 

® Goldenberg, Faber, Alston, and Chargaff, Science^ 109, 534 (1949). Tullar, ibid.^ 
536. Auerbach and Angell, ibid., 537. Euler, Arch. Intern. Pharm. Therap., 
77, 477 (1948); Mann and West, Brit. J. Pharmacol. Chemother., 5, 173 (1950). 



ADRENERGIC DRUGS 


293 


TABLE IJ Principal Effects of Stimulation of Autonomic Nerves 


ClTects of stimulation of 


Tissue 

Sympathetic Parasympathetic 

Nerves 

Eye:—Pupil. 

Dilated 


Tension (too high in glaucoma).. 

.Increased 

m 

Eyeball. 

Protruded (toxic goitre) 

Withdrawn 

Tears. 

. Unchanged 

Increased 

Digestive glands 

Secretion. 

• Slightly increased 

Greatly increased 

Blood flow. 

. Decreased 

Increased 

Respiratory tract 

Muscle. 

Relaxed 

Contracted 

Secretion. 

.? 

(asthma) 

Increased 

Circulation. 

. Decreased 

Increased 

Heart 

Rate. 

Increased 

Decreased 

Force. 

Increased 

Decreased (auricles) 

Blood vessels 

Skin. 

Strongly constricted 

Dilated* 

Abdominal organs. 

• Strongly constricted 

Dilated* 

Muscles. 

• Weakly constricted 

Dilated* 

Brain. 

Very weakly constricted 

Dilated* 

Lungs. 

• Very weakly constricted 

Dilated* 

Coronaries- . . . 

Dilated 

Dilated* 

Involuntary muscle 

Stomach and intestines. 

. Relaxed 

Contracted 

Urogenital tract. 

.Variable 

Contracted 

Sweat Secretion. 

.? 

Increased* 


Mnnervation anatomically sympathetic but physiologically and pharmaco 
logically parasympathetic o j h 


tion of the two compounds will now lead to clarifications of previously con¬ 
fusing pharmacological findings. Some pharmacologists still prefer to think 
of two types of cell chemicals, the a- and )3-receptors, which are supposed 
to account for divergent pressor effects. 

In view of these recent discoveries, the whole field of autonomic drugs 
is now in flux and older attempts to explain incongruencies are rapidly being 
reviewed. Even the most authoritative and newest monograph® on this 
subject has not yet covered these developments. Renewed active interest 

“Bovet and Bovet-Nitti, Structure et Activite Pharmacodynamique des Medica- 
merits du Sijsteme Nerveux VegHalif. Interscience, New York, 1948 

dXht Schmitt, “Pharmacology for Chemists,” Phila- 
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in the theories and uses of autonomic drugs in innumerable laboratories and 
clinics has contributed to this situation. 

There is every indication that norepinephrine is the inunediate pre¬ 
cursor of epinephrine, and that the latter is formed from the nor-compound 
by transmethylation under the influence of adenosine triphosphate. Typi¬ 
cal arguments for this mechanism rest on physiological evidence.* 

4. Physiological Action of Autonomic Drugs 

An autonomic drug, in promoting or blocking nervous transmission, 
may be pictured as interfering with the following series of events. A nerve 
is stimulated preganglionioally; this leads to an impulse which causes 
liberation of acetylcholine at the ganglionic synapse. The post-ganglionic 
impulse received through the mediation of this chemical makes the nerve 
end-organ liberate acetylcholine, or epinephrine or norepinephrine at the 
junction with gland or muscle cells (myoneural junction), depending on the 
type of nerve fiber. The liberated chemical mediator now combines with 
chemicals of the “receptor cell”, probably enzymes of muscle or gland cells, 
and this chemical reaction leads to the specific response of the stimulated 
organ which is observed by the pharmacologist. 

In view of the classification of autonomic nerves as cholinergic and 
adrenergic, drugs eliciting effects similar to the stimulation of these nerves 
are now often spoken of as cholinergic, and adrenergic stimulants and block¬ 
ing agents. 


II. THE SYMPATHOMIMETIC AMINES 

1. The Work of Barger and Dale 

It had been known since the early observations of Vulpius (1856) that 
a secretion (now called a hormone) of the adrenal medulla can raise the 
blood pressure in laboratory animals and in man. After the isolation, 
purification, and the elucidation of the structtire of its main component 
shortly after 1900, the .similarity of its chemical properties and those of 
certain putrefactive amines attracted the attention of Barger and Dale.® 
In a now famous and comprehensive investigation, they synthesized a series 
of compounds having in common the phenethylamine grouping (XlX-3), 
and with substituents at the a- or /3-carbon atoms as well as in the benzene 
ring. These amines were tested as vasopressors. Since many of them 
simulated effects of epinephrine, that is, mimicked the effect of stimulating 

8 Beyer, Abstracts, Meeting Am. Soc. Pharmacol. Exper. Therap., Indianapolis, 
Nov. 17, 1949, p. 11. 

8 Barger and Dale, J. Physiol., 41, 19 (1910). 



ADRENERGIC DRUGS 


295 






a /3 

I I 

C—C—N 


(XIX-3) 


the sympathetic nervous system, Barger and Dale coined for their com¬ 
pounds the term sympathomimetic amines. If they raise the blood pres¬ 
sure, they are called vasopressors. Compounds which lower the blood 
pressure are spoken of as vasodepressors. 

As pointed out above, epinephrine and most likely norepinephrine 
have also been identified as the chemical mediators of postganglionic 
sympathetic nervous impulses. Tlie sympathomimetics have been de¬ 
fined as products whose physiological action is peripheral in nature, and 
which produce, similar to the sympatlietic mediators, a rise in blood pressure 
coupled with capillary vasoconstriction. They also diminish the tone of 
certain smooth muscles, such as the uterus or the intestines. 

This definition does not take into account other phenomena observed 
with certain members of this group. At least one type of acti\'ity should 
be included, namely the centrally excitatory action of several important 
sympathomimetics. The analeptic amines centered around Benzedrine 
must therefore be mentionefl as a special sub-group. 

The conclusions drawn from the early studies will be reviewed later 
in a discussion of the relation of the chemical structure and the pharmaco¬ 
dynamic properties of this class of compountls. They heralded the de¬ 
velopment of the field as we know it today, but for almost fifteen years 
epinephrine (Adrenalin) remained the only therapeutically useful member 
of the group. The discovery of the advantageous adrenergic properties 
of ephedrine by Chen*“ in 1923, and the subsequent rapid addition of 
valuable therapeutic agents to this series (amphetamine, Neos 3 mephrine, 

Isuprel, etc.) were a direct outcome of the pioneer experiments of the 
earlier British authors. 


2. Formation from Proteins 

The naturally occurring adrenergic amines, including epinephrine and 
norepinephrine, are regarded as degradation products of proteinogenous 
ammo acids of the diet and the tissues. The amino acids (XIX-4) of the 
cdl proteins are ordinarily deaminated by dehydrogenases to imino acids 

r ^re then hydrolyzed to ammonia and carbonyl derivatives 

( IX-0). The latter may undergo a variety of further biochemical trans¬ 
mutations. 

'“Chen and Schmidt, ./. PhannacoL Exptl. Therap., 24, 339 (1924). 
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j-aminobutanol 

Adrenalone, Kephrine, 4-MethyIaminoacetyI cate- 3,4-(HO)2C6H,COCH»XHCH3 Vasoconstrictor 

Styphnone chol 



Table IL Some Useful Pressor Amines {Continued) 
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RCH(NH 2 )C 02 H RC(=NH)C 02 H RCOCOJI + Nil, 

(XIX-4) (XIX-5) (XIX-0) 

However, especially under putrefactive conditions, decarboxylation 
under the influence of carboxylase takes place rather than dehydrogenation. 
If any of the ^-substituted aromatic or heterocyclic derivatives of alanine 

RCH(NIl2)C00H ^ RCH2NII2 + CO2 


become subject to decarboxylation, the corresponding /3-cthylamines may 
be formed. Phenylalanine (XIX-7) is converted to phenethylamine (XIX- 
8 ), tyrosine (XIX-9) to tyramine (XIX-10), “dopa” (XIX-II) to 3,4- 
dihydroxyphenethylamine (XIX-12), tryptoplian (XIX-13) to tryptamine 
(XIX-14), and liistidine (XIX-15) to histamine (XIX-10). 


C6H5CIl2CII(CO(JII)Xn2 

(XIX-7) 


C6II5CII2CII2NII2 

(XIX- 8 ) 


p-IIOCoIRCIRCIUCOOIDNIR 

(XIX-9) 


P-IIOC 6 IRCII 2 CII 2 NII 2 

(XIX-10) 


3,4-(IIO)2C6H3CIl2CIl(CXIOIl)Nll2 

(XIX- 11 ) 






CIl2CII(C()2lI)NIl2 



NH 

(XIX-13) 
i^^^CH2CII(C02H)NH, 


IIN- 


(XIX-15) 


3,4-(II())2CeH3CIl2CIl2NIl2 

(XIX-12) 

CII 2 CH 2 NH 2 





HN- 


CII2CH2NH 


(XIX-IG) 


Phenethylamine, tyramine, 3,4-dihydroxyphenethylamine and hista¬ 
mine have been found in putrefaction products of proteins. The first 
three of these biogenic amines raise the blood pressure by vasoconstriction 
while histamine has the opposite effect (vasodilation.) 

The alanine side chain of some of the amino acids mentioned can be 
decarboxylated as well as oxidized in successive steps. The well known re¬ 
activity of the benzyl carbon atom (ArCi/ 2 CH(COOH)NH 2 ), and the 
common occurrence of aromatic acids (ArCOOH) among the end-products 
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of biological oxidations support the view that oxidation at the benzyl posi¬ 
tion may be expected without difficulty. The presence of epinephrine 
(3,4-(HO)2C6H3Ci/Oi7CH2NHCH3) in mammals, and in other animal 
tissues, is further proof of this oxidative mechanism. An epinephrine-like 
substance has also been synthesized from phenethylamine, phenylalanine 
and tyramine in vitroM 

Tyramine, and its oxidation product (XIX-12, 3,4-dihydroxyphen- 
ethylamine) are undoubtedly biological precursors of epinephrine and nor¬ 
epinephrine. In the rat, phenylalanine labeled ^vith both in the car¬ 
boxyl group and at the alpha-carbon atom (XIX-17), is converted to 
epinephrine in which the is localized at the terminal carbon atom of the 
side chain (XIX-IS).^^ 

C6H5CH2C»HC‘^02H (H0)2C6H3CH0HC»H2NHCH3 

NH 2 

(XIX-17) (XIX-18) 

All the natural phenethylamines are toxic. In order to detoxicate 
the small natural amounts rapidly and safely, the body has at its command 
enzymes which are specifically concerned with this task. The purely 
synthetic members of the phenethylamine series act apparently by inter¬ 
fering with the normal chemical reactivity of these enzymes, thereby pro¬ 
longing the “toxic” effect of the natural substrates of the biocatalysts. 
If this “toxic” effect is therapeutically valuable, the synthetic compound 
will be a welcome addition to the growing series of functional autonomic 
drugs. 

Not all effects of synthetic autonomic drugs can be explained in this 
manner. Some aspects of this problem will be discussed under the heading 
of enzymatic inactivation of phenethylamines. A description of epineph¬ 
rine and of the more interesting adrenergic amines, their chemical prop¬ 
erties, syntheses, and specific therapeutic value will precede a general 
pharmacological evaluation, and attempts to correlate their activity and 
chemical structure. 

That the aromatic ring is not absolutely essential for pressor activity 
is attested by the weak pressor action of isoamylamine which is found 
naturally as a putrefaction product of leucine. Other aliphatic amines 
share in this property, and some, for instance 2-aminoheptane, have 
therapeutic use. Nevertheless, the arylethylamines possess a much higher 

order of activity. 

Devine, Biochem. J 34, 2 (1940). 

Gurin and Delluva, J. Biol. Chem., 170, 545 (1947). 
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3. Epinephrine 

Epinephrine, one of the hormones of tlie mammalian adrenal medulla, 
is the levorotatory form of a base which has been given the Ijrand names 
Adrenalin or Suprarenalin. It was isolated in the pure state around the 
turn of the century by various groups of workers lieaded by Abel, \’on 
Fiirth and Takamine. A review of these historic e\'ents has been pre¬ 
sented by Hartung.‘5 

Although synthetic Adrenalin became available soon after the structure 
of the hormone had been elucidated, the synthetic DL-ljase has not been used 
widely in medicine because the natural levorotatory form is about 15 times 
as active as the racemic mixture. To be sure, tlie optical resolution with 
tartaric acid offers no insuperable difficulties,*^ and the mother licptors 
of the (-) form, containing largely the only weakly active (+) Adrenalin, 
can be racemized with hot hydrochloric acid and thus recycled into tlie 
resolution process.*^ Nevertheless, at least in the United States, ( —) 
epinephrine can be extracted from the adrenal glands of cattle more eco¬ 
nomically than it could be synthesized. The glands, a by-product from 
the stock yards, are extracted with dilute mineral acid, and (-) Adrenalin 
hydrochloride is obtained by concentration and adsorj^tion of contaminants 
without isolation of the air-.sensitive free base. 

The only commercial synthesis of Adrenalin which has been used es¬ 
pecially in Europe, is an adaptation of the original method of Stolz.*® 
Catechol is converted to 4-chloroacetyl catechol (XIX-19) by means of 
acetyl chloride, in the presence of traces of zinc chloride, or by chloroacetic 
acid and phosphorus oxychloride. The chloroketone is treated with 
methylamine, and the methylamino ketone (XIX-20, adrenalone, stryph- 
none, kephrine) is reduced by chemical, catalytic or electrolytic methods.*' 


HO 



IIOi^COCH 


HO 


(XIX-19) 


HOf^COCH.NHCH; 

HO^ 

(XIX-20) 

IIO|^^CHOHCH 

HO 




(XIX-1) 


'Ulartung, Chem. Revs., 9, 389 (1931). 

” Flacher, physiol. Chem., 58, 189 (1908). 

Hochster Farbwerke, German Pat. 220 355 (1910) 

*«Stolz, Ber., 37, *1149 (1904). 

» Waser, Synthese der organischen Arzneimittel. Enke, Stuttgart, 1928. 
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In order to avoid the resolution of DL-Adrenalin, adrenalone (XIX-20) 
has also been hydrogenated in the presence of D-tartaric acidd® The 
D-bitartrate of the ( —) base crystallizes directly from the methanolic re¬ 
action mixture while the salt of the (+) base remains in solution. 

Adrenalone has been used in its own right as a more sustained sym¬ 
pathomimetic amine of moderate activity. The intermediate chloroketone 
(XIX-19) is a commercial intermediate in the production of Arterenol and 
Isuprel. 

The pronounced vasoconstrictive action of epinephi*ine has led to the 
extensive use of the drug as a topical hemostat. It also relieves readily 
congestion of the nasal mucosa by constricting the blood vessels of this 
membrane but has been replaced largely for this purpose by other S 3 m- 
pathomimetic amines with fewer side-effects, or greater volatility. 

The vasoconstrictor action of epinephrine has made it an important 
component in mixtures with synthetic local anesthetics which lack this 
property themselves. Under the influence of the vasoconstrictor the 
anesthetic is absorbed less rapidly; this means longer duration of the anes¬ 
thesia and smaller doses of the anesthetic, and therefore, less danger of 
toxic effects in the system. 

Epinephrine accelerates the heart and has found therapeutic applica¬ 
tion in cardiac diseases. Even cardiac failure and arrest can be overcome 
occasionally by direct injection of the drug into the heart but the success 
of this mode of resuscitation is not always certain. As in all other applica¬ 
tions, epinephrine must be used with utmost caution if hypertension, angina 
pectoris or coronary thrombosis are involved. 

The main and, until recently, almost unrivalled clinical use of epineph¬ 
rine has been in the control of severe allergic symptoms, especially bronchial 
asthma. Because it is inactive when taken orally, epinephrine is usually 
injected subcutaneously, less frequently intravenously, and affords rapid 
relief from the distressing asthmatic symptoms. In order to prolong its 
action, the drug may sometimes be given intramuscularly in a suspension 
in peanut oil. It diffuses slowly from the muscles into the circulation. 
It is also available in glycerol for inhalation from a vaporizer; in this way, 
it comes most rapidly in contact with constricted, spastic bronchies. 

In doses much larger than needed to produce a rise in blood pressure, 
epinephrine exhibits glycogenolytic activity, that is, it raises the amount 
of glucose in the blood by promoting depolymerization of the storage car o 
hydrate, glycogen, in the liver or muscles. It thereby counteracts t e 
pancreatic hormone insulin which reduces the concentration of blood sugar 
by various mechanisms. There seems to be no causal connection etween 
the glycogenolytic and pressor effects of Adrenalin. 

« Ishiwara, Ber., 57, 1125 (1924). 
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4. Amine Homologs of Epinephrine 

By condensing 4-cliloroacetyIcatechol (XIX-IO) with liexametiiylcne 
tetramine, a primary amino ketone (XIX-21) is ol)taincd which can l)e re¬ 
duced to DL-norepinephrino, (Artercnol, XlX-2), tlie racemic form of the 
natural hormone. 


IK) 


HO 




COCH 2 CI 


(CHOeN* 


H0/\C0CH 


(XIX-19) 


HO 


2U 


(XIX-21) 

iro/SoHOIICIIaNIL 


HO 




(XIX-2) 

If primary or secondary amines are used as reagents, a series of liomologs 
of Adrenalin can be evolved (XIX-22). Of tliese, dl- 1-(3,4-dihydroxy- 
phenyl)-2-isopropylaminoethanol (aludrine, Isuprel) has been shown to 
be the least toxic and most powerful bronchodilator in this series (Chapter 

HO,^COCH,Cl . HO^^*'’ 


HO 


UR'NH 




HO 




COCH 2 NHR' 


R 


HO 

HO 






CHOHCH 2 N 


\ 


IV 


(XIX-22) 

XIX, IH-2). Its important advantage lies in its action on blood pressure: 
It IS a vasodilator, lowers the blood pressure and mitigates the anxiety 
syndrome accompanying asthmatic attacks. 

(N-methyladrcnaline, 3 .d-dlOjCsH^- 
04i01101l2N(CH3)2) IS only 3^ooth as active a pressor as L-epinephrine, but 
Its action on blood sugar is almost the same as that of the iiormone.*^ 

'• Stutzman and Orth, J. Pharmacol. Exptl. Tkerap., 69, 1 (1940). 
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5. Ephedrine 

Ephedrine, l-phenyl-2-methylaminopropanol (XIX-23), is an alkaloid 
from the stems of a gymnosperm of the genus Ephedra which is found in 
the temperate zones of Eurasia and America. Under the name of Ma 
Huang an ephedrine containing species had been kno^vn to the Chinese for 
over 5,000 years. It is recorded that the ancient emperor Shen Nung 
(2760 B.C.) introduced the drug Ma Huang into the medical practice of 
his country, recommending it as a medicine for cough, fever, and heart 
trouble, and probably as a stimulant to press more work out of slave 
laborers. 

The alkaloid, a levorotatory base, was isolated in the pure state from 
Ephedra vulgaris by Nagai^° and named by him ephedrine. It was first 
synthesized by Spath and Gohring^i by a complex route which confirmed its 
structure. 

The important pharmacodynamic properties of ephedrine were dis¬ 
covered accidentally by Chen^^ who observed that ephedrine produced a 
rise in blood pressure similar to that obtainable with epinephrine. The 
similarity of the chemical formulas of ephedrine and epinephrine was recog¬ 
nized as a possible cause of the similar pharmacodynamic behavior of the 
two substances, and this idea provided the incentive for the rapid develop¬ 
ment of the large number of other sympathomimetic derivatives of phen- 
ethylamine which had been stagnant since the suggestive study of Barger 
and Dale.® 

Ephedrine contains two unlike as 3 rmmetric carbon atoms, and dias- 
tereoisomeric forms are therefore to be expected. The two possible race¬ 
mic mixtures are called ephedrine (XIX-23), and pseudoephedrine (XIX- 
24), respectively. Evidence for the configurations assigned to these forms 
may be found in papers by Leithe and by Freudenberg.^ Only d(—) 

H H H NHCH3 

CeHs—C-^C—CH3 CeHs-SC-^C—CH3 

II II 

OHNHCH3 OHH 

(XIX-23) (XIX-24) 

Nagai, Pharm. Ztg., 32, 700 (1887). 

2 ^ Spath and Gohring, Monalsh., 41, 319 (1920). . a 

« Chen and Schmidt, J. Pharmacol. Exptl. Therap., 24, 339 (1924); Medtmne, % 

7 (1930). Chen and Schmidt. Ephedrine and Related Substances, Williams « 

Wilkins, Baltimore, 1930. 

Leithe, Ber., 65, 660 (1933). Freudenberg and Nikolai, Ann., 510, 

Compare also Fodor, Bruckner, Kiss, and Ohegyi, J• Org. Chem., 1 , ( 
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ephedrine and L(4-)^-ephedrine are found in nature. The c^-carljon atom 
of both these forms has been shown to be dextrorotatory; it seems that 
this property provides greater pharmacological activity than the opposite 
configuration.-^ The two naturally occurring forms of ephedrine are more 
mydriatic than their optical isomers, D(d-)ephedrine and l( —V-cphodrine, 
respectively. On the other hand, the differences of the pharmacodynamic 
properties of DL-ephedrine and its component, d( —)ephedrine, arc not 
striking enough to justify the laborious optical resolution of the synthetic 
racemic mixture. The latter is marketed as the liydrochloride or .sulfate, 
and used to be called ejjhetonine or racepheilrine. 

One of the commercial synthese.s-^ of epliedrine builds uj) the side 
chain by condensing benzaldehyde with nitroethane, and reducing tlie 
nitro alcohol (XIX-25) to a mixture of diastereoisomeric l-i)henyl-2-amino- 
propanols (XIX-26 and 27) which can be separated b\' fractional ci\yslal- 
lization. Methylation of the amino group yields ephedrine (XIX-23) 
and r/'-ephedrine (XIX-24), respectively. 

CeHsCHO + CH 3 NO 2 -» CaHsCHOHCIICCIIONOa 

' (XIX- 20 ) 


CH 


H 


H H 

CeHsC—CCH3 
OHNH2 

(XIX-26) 

H NH-> 
CelleC—CCH3 
OIIII 

(XIX-27) 


H 

CJIsC- 


H 

c—cri3 


011CH3NH 
(XIX-23) 

11 CII 3 NH 

CellsC-C—CII 3 

on II 

(XIX-24) 


The ^-ephedrine need not be wasted. It can be rearranged to ephed¬ 
rine to a large extent by heating with 25% hydrochloric acid. It can 
also be oxidized to the corresponding raethylamino ketone (XIX-27) which 

is reduced again to a diastereoisomeric mixture from which additional 
quantities of ephedrine can be recovered. 

CsHbC—CC™' ^ ^ — II, f(XIX-23) 


OHH 
(XIX-24) 


C6H5C0CH(CH3)NHCH, 

(XIX-27) 


[ (XIX-24) 


«;jarowski and Hartung, J. Org. Chem., 8, 564 (1943). 

'' ^7apan“ 1927,^17''°’ 
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In another reaction which furnishes only d( — )ephedrine, glucose is 
fermented by the enzyme carboligase from yeast in the presence of benzal- 
dehyde.2® The latter is transformed to ( —)-l-phenyl-2-ketopropanol 
(XIX-28) which is hydrogenated in a mixture with methylamine. The 
product is identical with natural ( —) ephedrine. 

CsHsCHO + CsHi^Oe - 


Ephedrine is a weak vasopressor amine in comparison with epinephrine; 
it has only 0.005 to 0.01 the effect of the latter. However, perhaps be¬ 
cause of the absence of the labilizing catechol structure, ephedrine is much 
more stable; its action lasts 7 to 10 times as long as that of epinephrine, 
and in addition, it can be administered by mouth. Its toxicity is about 
that of the hormone. The prolonged action of ephedrine makes 
it useful in maintaining a satisfactory blood pressure during spinal anesthe¬ 
sia. In heart disease or hypotensive conditions requiring repeated medica¬ 
tion with a vasopressor, the oral route of using ephedrine offers a definite 
advantage. 

Apart from its sustained vasoconstrictor effects which serve a useful 
purpose in the control or prophylaxis of mild or chronic bronchial asthma, 
ephedrine also stimulates the respiratory centers, a property which epi¬ 
nephrine does not possess. This centrally excitant activity also counteracts 
the depression caused by morphine or barbiturates, and wakens narcoleptic 
patients to normal levels of activity. 

Ephedrine has been the drug of choice of many individuals in the symp¬ 
tomatic relief from attacks of hay fever. It also relieves congested mu¬ 
cosal conditions in the nose and the upper respiratory tract. Here again 
its long-lasting effect is much appreciated. The free crystalline base 
may be vaporized in an oil emulsion for these applications. 

Ephedrine produces mydriasis of brief duration, which is quite valuable 
for short ophthalmological observation. It is also a valuable adjunct to 
the control of myasthenia gravis (Chapter XXI) by Prostigmine. The 
biochemical mechanism of this activity is not understood.” 

^Bockmuhl, Stein, and Ehrhart, U. S. Pat. 1.962.476 (1934). Hildebrandt and 

Klavehn, U. S. Pat. 1,956,950 (1934). 

Schlezinger, Arch. Int. Med., 65, 60 (1940). 


^ CeHsCHOHCOCHa 
(XIX-28) 

H 2 , Pt or A1 


NHaCH, 


(XIX- 23 ) 
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6. Homologs and Analogs of Ephedrine 


a. Xetiiacol 

Xethacol is M-phenyl-2-ethylaminopropanol, CellsC’IIOIK'IUCIIa)- 
XHC 2 H 6 . It can be administered orally to asthma patients and dilates the 
bronchies for almost as long a period as ephedrine. It eompare.s in toxicity 
with the parent alkaloid but has only about 0.1 its pressor action.-® 

b. Xeosynephrine 

Xeosynephrin, M-(,3-hydroxyphcnyl)-2-methy]aminoethanol, m-IlOCV,- 
H4CHOHCII2XHCII3, has barely any excitant effect on the central nerv¬ 
ous system and is used in place of ephedrine wherever this acti\'ity is 
umlesirablc. It is a favorite active ingredient of nasal membrane .shrinkers 
but is .suitable as well for other va.soconstrictoj- purposes. It has su])er- 
seded the le.ss active racemic p-isomer, p-H()CoIl 4 CIIOIlCIl 2 XH('H,,, 
(Rynephrine, Sympathol); the pressor activity of Xeosynephrine is one 
fifth that of epinephrine; its action lasts twice as long.-^ Xorsympathol 
(p-HOCelliCHOHCIIoXHa) also stimulates the circulation. 

C. PROPADUIXE 

Propadrine, (DL-norci)hedrine, l-jdieny 1-2-aminopropanol), Cel I &( ’H() 11- 
C H(CIl 3 )NlI- 2 , has a slightly higlier va.sopressor, and a lower toxic and 
centrally stimulatory activity than ephedrine. It is incorporated in a 
jelly as a nasal shrinker, and may be u.sed in place of ephedrine for most 
1^ ^ t a 1 4 1^? and active when administered by 

mouth. The levorotatory form has been found as a minor alkaloid in 
Ephedra species. 

'I'he synthesis of Propadrine starts with propioplienone which is nitro- 
satod with butyl nitrite and hydrogen chloride. Tlie isonitroso derivative 
(XlX-29) is hydrogenated to DL-Propadrine (XIX-30,).^‘ 


cducociucih C6iucoc=xon 

CII3 

(XIX-29) 


lU 


cat. 


^ CfiHoCHOHCIIXH. 


CII3 

(XIX-30) 


Warren, Marsh, Thompson, and Shelton, J, Pharmacol. Expil. Therap., 
• jy ^80 (1042), 

lainter and Seidenfeld, J. Pharmacol. Expll. Therap., 40, 23 (1930). Ehrisman 
Deut. mcfl. Wochschr., 53, 1263 (1927). ’ 

7i rr*'*"?’ Henriksen, J. Pharmacol. Expll. Therap., 36, 363 (1929). 

Hartung and Munch, J. Am. Chem. Soc., 51, 2262 (1929). 
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d. SUPRIFIXE 

p-Hyclroxyephedrine (p-HOC 6 HjCHOHCH(CH 3 )NHCH 3 ) has been used 
under the name of Suprifine. It has typical adrenergic properties. The 
meta isomer acts as an analeptic.^- On the other hand, the primary amine 
in the ;«-hydroxy series (XIX-31) has a prolonged vasopressor but barely 
any central effect.^^ 

^^^^CHOHCn(CH3)NH2 

HO 

(XIX-31) 

e. COBEFRIN'E 

Cobefrine, l-(3,4-dihydroxyphenyl)-2-aminopropanol [3, 4 -(HO) 2 C 6 H 3 - 
CHOHCH(CH 3 )XH 2 l is a homolog of Arterenol. It can be prepared 
from 3,4-dihydroxypropiophenone by a synthesis similar to that of epi¬ 
nephrine. Its most surprising property is its oral activity. The catechol 
structure found both in the hormone and in Cobefrine would favor the 
prediction that Cobefrine .should be equally unstable as the hormone, since 
the o-dihydroxy arrangement of the latter had long been blamed for its 
inactivity on oral administration. This is, however, not the case. While 
a satisfactory explanation for this difference is still lacking, attention has 
been called to the increase in stability, and the oral activity conferred 
upon / 3 -arylisopropylamines in general by the branching of the carbon chain 
a to the amino group.’*' The possibility that this is due to a resistance to 
destruction by dehydrogenases will be set forth below. 

Cobefrine has found u.se as an analeptic. 


f. Butaxefrixe 


Butanefrine, 1 -( 3 ,4-dihydroxyphenyl)-2-aminobutanol (3, 4 -(HO) 2 C 6 - 
H 5 CHOHCH(C’ 2 lU)XH 2 ), the next-higher homolog of Arterenol, can be 
synthesized by an analogous route. It has no centrally excitant action, 
and although only 0.014 times as active as epinephrine as a bronchodilator 
it relieves asthmatic attacks in doses one half larger than those of the 
hormone’^ its toxicity is low. It is not a vasopressor but lowers diastolic 
pressure and increases the pulse rate; this is regarded as a desirable im¬ 
provement of the circulation without additional tax on the heart.' 


**Schaumann, Arch. exp. Pathol., 160, 127 (1931). 

« Siegmund, Nash, and Granger, J. Pharmacol. Expll. Therap., 92, 207 (U4«; 
a^Hartung, Munch. Miller, and Crossley, J. Am. Chem. Soc., 53, 

36 Tainter, Pedden, and James. J. Pharmacol. Expll. Therap., 51, 380 (193 )- 
36 Suter and Ruddy, J. Am. Chem. Soc., 66, 747 (1944). 
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7. Benzedrine 

Benzedrine (amplietamine, l-phcnyl-2-aminopropane, XIX-32) was 
prepared first by Etleleanu^^ by a Hofmann degradation of benzylmetliyl- 
acetamide. Similar syntheses of scientific interest include the degradation 
of benzylmethylacetic acid (XIX-33) by the Curtins and Schmidt 
methods.^'’ 


C6H5CH.CHtCHdC(),H 

(XIX-33) 


CcHsCbCCHCCIOXIC 

(XlX-32) 


These reactions have contributed materially to our understanding of 
molecular rearrangements since they may be carried out witli optically 
active i)enzylmethylacetic acid; optical activity is largely preserved dtiring 
the degradations. 

The commercial synthesis of amphetamine (XIX-32) i)egins witli 
phenylacetone (XIX-34) obtained by thermal <lehydration and decar¬ 
boxylation of phenylacetic acid. Phenylacetone is tiien subjected to the 
Leuckart reaction, a reductive amination with formamide. ammonium 
formate and formic acid. The formyl derivative (XIX-35) from tliis re¬ 
action is hydrolyzed with strong acid. 


CeHsCHaCO.H + CH.CO.H C.lUdUCOCH, -f CO, + H,0 

(XIX-34) 

CeHsCHaCOCfC + HCO,H -j- XH,CeHsCH .CHXHCHO + H,0 

I 

CH. 

(XIX-3.>) 

CeHsCH^CHCHj + HOH—-^.CehhCH.CHNH, -f- HCOOH 

XHCHO CH. 

(XIX-32) 

Reductive amination ot phenylacetone in the presence of nickel catalyst 
and ammonia under pressure has also been used. 

An interesting synthesis of amphetamine which promises to be appli¬ 
cable to similar compounds as well has been reported recently.^® It involves 
the addition of acetonitrile to allylbenzene in the presence of sulfuric acid. 

” Edeleanu, Ber. 20, 616 (1887). 

' Friehmelt, Ber., 

T>- * (15^33). Wallis and Nagel, J. Am. Ckem. Soc., 53, 2787 (1931). 

Hitter and Kalish, J. Am. Cheni. Soc., 70, 4048 (1948). 
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CeHaCH.CH^CHo + H 2 SO 4 -> C 6 H 5 CH 2 CHCH 3 


OSOaH 


C6H5CH2N=C(0H)CH.3 ^ 


H 


CH. CN 


C6HXH2N=CCH; 


HOH 


OSOnH 


roajr. 


CfiIl 6 CIl 2 CH(NHCIiO)CII 


HOH 


C6H5CH2CH(CH3)NH2 


The intermediate ester of sulfuric acid adds the nitrile which then re¬ 
arranges to N-formylamphetamine from which the primary amine can be 
obtained by hydrolysis. 

The important clinical uses of amphetamine were recognized by Alles,^® 
and the drug was soon marketed under the brand name of Benzedrine. 
Later the d- and /-isomers were separated by optical resolution with tartaric 
acid.**^ The d-form (Dexedrine) is from two to four times more active a 
central stimulant than the racemic mixture; this is interesting because the 
Icvo form of many other compounds is the more active of two optical 
i.somers. Amphetamine has less than 1/lOOth the vasopressor activity of 
epinephrine, but five to ten times its duration of action, and only about 
l/70ih its toxicity. 

A widely appreciated physical property of Benzedrine is its volatilit 3 ^ 
It is the most u.seful vasoconstrictor derivative of phenethylamine which 
can be inhaled without special vaporizers, sprayers or “atomizers”, and 


thus makes topical shrinking of congested nasal membranes a simple task. 

Taken orally or parenterally, the main other therapeutic uses of am¬ 
phetamine depend on its stimulation of the central nervous system. In 
laboratory animals, the analeptic effect of the drug can be observed by 
purposeless, random movements; they can be evaluated by suspending the 
cages on springs and connecting them to recording devices. In man, the 
tremendous “lift” amphetamine can give has been used for treatment of 
the depression by barbiturate; it has the added advantage that it increases 
the depressed circulation to the brain and thus helps to remove the narcotic. 
It is also preferred for the control of narcolepsy, a condition similar to 


Alles, J. Pharmacol. Expll. Therap., 32, 121 (1920: 47, 339 (1933). 

Prinzmetal, ibid., 48, 161 (1933). Compare Hartung and Munch, J. A/n. tnem. 

Soc., 53, 1875 (1931). 

Nabenhauer, British Pat. 550,916 (1943). 
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petit mal epilepsy in which the patient may go tlirougli a dreamy, semi- 
unconscious condition several times each day. 

The analeptic effect of Benzedrine has been utilized in psycholherapy 
to boost depressed personalities temporarily to a more normal state. Hesi¬ 
tant, undecided and tense people become decisive, energetic and calm under 
the influence of the drug, they overcome fatigue, and their intellect is 
cleared and stimulated. Depression due to psychoneuroses and alcoholism 
can often be successfully abolished, especially l)y Dexedrine. 

The valuable effect of Benzedrine on the central nervous system has 
been explained on the basis of the ability of the drug to compete reversibly 
with other amines for the enzyme amine oxidase (XIX, Section in the 
brain. This enzyme dehydrogenates l)iogenic amines to imines which are 
subsequently hydrolyzed to carl)onvl compounds and ammonia. The 
aldehydes inhibit and 


KCH,XII-, ^ HCII=XII ^ KC’IIO + XHa 

depress normal functions. liy occupying tlie enzyme, Benzedrine cuts 
down on the depre.s.sant efl’ect of these metal)olic products.■*- 

A side-effect of Benzedrine which has })een bent to a useful purpose is 
the control of gastric contraction by the drug. These <-ontractions simulate 
hunger and tend to lead to over-eating. Amphetamine, and espcciallv 
Dexedrine. have therefore been emj)loyed with some succe.ss as anorexics, 
i.e., antiappetite agents in obe.se individuals. Tlieir most undesirable side 
action is promotion of wakefulness in patients in wliom the in-evention of 
normal sleep is not intended as a therapeutic measure. 


8. Benzedrex 

A valuable innovation in nasal shrinkers has recently beeti announced 
with the release of X-methyl /3-cyclohexylisopropylamine, C’cIInC’IIoCTI- 
(CH3)NHCH3 (Benzedrex) as the active drug in inhalers.^^ Thi.s drug- 
lacks the centrally .stimulating properties of Benzedrine. 


9. Mephentermine 

dhis compound contains a doubly branched, quaternarv carbon atom 
alpha to its secondary amino group {C^U,Cn.CiCU:i).yHCl-l,). It can 
be used as a nasal shrinker but is onb’ one-tliird to one-fourth as effecti\-e 
as Benzedrine in animals. It does not cau.se cerebral stimulation. 


Mann and Quastel, Biochem. J 34, 414 (1940). 

*^3^8(19^9)^ 2,454,746 (1948). Macko and Fellows, Federation Proc., 8, 

Eckfeld and Abell, Abstracts, Meeting, Am. Chem. Soc., Atlantic Citv, 
JN. J., bept., 1949, p. 17 L. 
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10. Mescaline 

The centrally excitant effect which can be used to advantage with 
amphetamine reaches excessive forms with the alkaloid mescaline (3,4,5- 
trimethoxyphenethylamine, 3,4, 5 -(CH 30 ) 3 C 6 H 2 CH 2 CH 2 NH 2 , XIX-68), 
from the Mexican cactus, Anhalonium Levnnii^^ 

In small doses, it gives the illusion of geometrical and color phenomena 
and causes mental and muscular incoordination. Larger doses produce 
frenzied delirious states. The Southwestern and Mexican Indians are 
transposed to fanaticism in religious orgies in which peyote, a mescaline- 
containing concoction from the mescal buttons forms the ceremonial drink. 

Mescaline produces schizophrenic states in normal individuals but 
does not accentuate the symptoms of schizophrenic patients. On the 
other hand, the isomeric 2,3,4-trimethoxyphenethylamine increases the 
excitement of schizophrenics but does not affect normal persons. 

11. Pervitin 

The N-methyl derivative of amphetamine, Pervitin (XIX-36) can be 
prepared from the primary amine by the Decker reaction, condensing it 
with benzaldehyde and condensing the benzal derivative with methyl 
sulfate. The quaternary salt is then alcoholyzed. 

C6H5CH2CH(CH3)NH2 C6H5CH2CH(CH3)N=CHC6H6 

[C6H6CH2CH(CH3)N(CH3)=CHC6H6lCH3S04- 

C6H8CH2CH(CH3)NHCH3 

(XIX-36) 

The effects of Pervitin are similar to those of Benzedrine, and the drug 
has been used in alcoholism. It is however, somewhat more toxic than 
amphetamine.^® 

The dextro isomer of Pervitin, called Methedrine, is used clinically 
for conditions similar to those treated with Dexedrine. It is also a valuable 
vasopressor agent following spinal anesthesia."*^ 

12. Vonedrine 

In contrast to Pervitin, its structural isomer \ onedrine (XIX-37), 
2-phenyl-l-methylaminopropane (C6H5CH(CH3)CH2NHCH3), is virtually 
devoid of analeptic action when used in therapeutic doses. On the other 

« Henry, The Plant Alkaloids, 4th ed. Blakiston, Philadelphia, 1949. 

Golla, Blackburn, and Graham, J. Menial Sci., 86, 48 (1940). 

Yeakel and Seldon, Anesthesiology, 9, 605 (1948). 
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hand, its toxicity (LD 50 05 mg./kg intravenously to ra))l)its)‘’’‘ is far smaller 
than that of Pervitin (!MLD 17 mg./kg intrapcritoneally to rats). It is 
rated as an excellent pressor agent. The s 3 mthesis of "N'cnedrine (XIX-37) 
consists of a Hofmann degradation of /3-phenylbiityramide (XIX-38) to 
l-amino-2-phenylpropane (XIX-39), conversion of the latter to the benzal 
derivative and hence to the methylamino compound by the Decker pro¬ 
cedure.^® 


GcH5 CII(CH3)CH..CONH.> 


NaOII 


Hr_> 


C6ll6CH(Cll3)ClI.Nll2 


(XlX-38) 


C6H5CH(CH3)CHoN=CHC6ll5 


(XlX-39) 

1 . CIbl CgII5('1ICIL.NIICH3 

2. C-.IliOII ! 

C1I3 

(XIX-37) 


The corresponding primaiy amine can l)c prepared bj" Friedel and 
Crafts addition of allvlamine to lienzene.^'* 


caie + 


ch,=ciicii..xh.2 CcHsCticHoXHo 

C 113 


13. Paredrine 


Paredrine, 2-(4-liydroxyphenyl)-isopropylamine (4-II<)C6H4CIl2CH- 
(CH3)NH2, XIX-40), is the p-hydroxy derivative of amphetamine. It is 
synthesized hy reduction of p-methoxybenzyl-mcthyl ketoxime and sub¬ 
sequent hj^drolysis of the method ether group with mineral acids. 

Later, it was reinve.stigated hy Alles^® in a sj'stematic study of analogs of 


p-CH30C6H4Cn2C=N0II 


•> CHhOCHLCILCHNH. 


CH 


CH: 


—^ HOC 6 H 4 CH 2 CHNH 2 

CH 3 

(XIX-40) 

Warren, Marsh, Thompson, Shelton, and liockor, J. Pharmacol. Expll. Therav 
79, 187 (1943). 

^'•Graham, Cartland, and Woodruff, Ind. Eng. Chein., 37, 140 (1945). 

'^"Weston, U. S. Pat. 2,444,518 (1948). 

'■* Hosenmund, Mannich, and Jacobsohn, German Pat. 243,546 (1912). 

“ Alles, J. Pharmacol. Exptl. Therap., 47, 339 (1933). Alles and Prinzmetal, ibid., 
48, 161 (1933). Alles and Knoefel, Arch, intern, pharmacodynamie, 47, 96 (1934). 
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Benzedrine. Paredrine is 1-2% as active as epinephrine as a pressor amine; 
it.s toxicity is remarkably low, and it is ver 3 ^ stable. In contrast to amphet¬ 
amine, it has practically' no effect on the central nervmus system and can 
be used in certain diseases of the circulatory system when central effects 
are to be a\'oided. It shows too little activity as an anti-appetite agent 
as well as a bronchodilator in clinical medicine to be considered for these 
uses but it has a stronger my'driatic action than any other sympathomimetic 
amine. Its main use is in ophthalmology, in combination with atropine 
or homatropine. These mixed solutions approach the ideal condition for 
complete dilatation of the pupil of the ey'e \\dthout irritation in a short time, 
and the normal function of the e.ve is restored more rapidly than after atro¬ 
pine or homatropine alone. 

14, Veritol 

The N-methyd derivative of Paredrine, 2-(4-hydroxyphenyl)-N-methyl- 
isoproply'amine (4-HOC6H.tCn2CII(CH3)NHCH3) is used in Europe under 
the name of veritol. It is essentially similar to Paredrine and, although 
tested briefly under the name Paretlrinol, has not found much use in the 
I’nited States. In its circulatory effects, constriction of the veins seems to 
be pronounced while arterial constriction is the more common property' of 
sy'mpathomimetic amines in general.^^ Its use in glaucoma, a disease of 
the ey'e with inti-aocular pressure, has been suggesteil.-”^^ 

15. Orthoxine 

The methyl ether of the o-isomer, 2-(2-methoxyphenyl)-N-methyliso- 
propylamine (drthoxine) has only about one-thousandth the pressor activ¬ 
ity' of epinephrine, one twentieth its bronchodilator action, and no stim¬ 
ulant action on the central nervous sy'stem.^''^ 

16. Tyramine 

Tyramine (uteramine, systogene, p-hydroxyphenethylaraine, l-HOCe- 
H 4 CH 2 CH 2 NH 2 ) has 0.01-0.05 the pressor activity of epinephrine. 
Its toxicity is less than l/13000th that of the hormone, and its action lasts 
twice as long. Nevertheless, it is no longer widely used. It occurs in 
ergot but is usually manufactured by decarboxylating tyrosine, obtained 
from the hydrolysis of silk refuse, in a high-boiling solvent, for instance, 
fluorene. The name uteramine was to indicate its motoric action on the 

Reis, Quart. J. Exper. Physiol., 30, 1 (1940). 

Schmidt, Kiin. Monais6/. Augenheilkunde, 100, 429 (1941); Chem. Abslr., , 

Graham and Kuizenga, J. Pharmacol. Exptl. Therap., 94, 150 (1948). 
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uterus; it still finds limited application as an initiator of uterine mov'ements 
in deliveries.^® 

17. Hordenine 

Ilordenine (anhalinel, p-hydroxy-X ,X-dimethylphenetliylamiiie 
(XIX-41) may be prepared from tyramine by way of its ([uatcrnary salt; 
the methochloride is tlien decomposed by distillation under reduced pres¬ 
sure. 


p-HOC6H4Cn.>CH2XIf, 


3 CH.Cl 


+ 




-» P-HOC6H4C'n..CH..X(CII0> 

(XIX- 11 ) 

Other syntheses have also been reported. Hordenine is found nat¬ 
urally as the alkaloid of malt germs." It is a rather non-toxic vaso¬ 
pressor and has found limited application in the symptomatic treatment 

. t « i .«ince, like other compounds in this series, it 

inhibits peristalsis. 


18. Epinine 

Epinine, 3,4-dihydroxy-X-metliylpiu‘nethylamine (XIX-47) lias been 
known for forty years."^ After a period of comparative neglect it has 
recently experienced a renaissance of usefvdness. It is synthesized from 
eugenol, or can be olitained by a series of degradative reactions from pa¬ 
paverine. 

% from eugenol methyl ether (XIX-42) leads through 

homoveratraldehyde (XIX-43J, the oxime of which is reduced to iiomo- 
veratryiamine {XIX-44). The latter can be obtained more conveniently 
by condensing veratraldehyde (XIX-45) with nitromethane, and reducing 
the resulting /3-nitrostyrene derivative (XIX-46) with lithium aluminium 
hydride. The X-methyl derivative of homo\'eratrylamine is cleaved to 
Epinine (XIX-47) with the aid of hydrobromic acid. (See Fig. 2.) 

^ The degradation of papaverine (XIX-48) through the key intermediate, 

0,7-dimethoxy-X-methyl-3,4-dihydroisoquinolinium chloride (XIX-52) 

offers an interesting example of using a valuable alkaloid as a synthetic 
starting material for a not too closely related drug. Papaverine is reduced 
to tetrahydropapaverine (XIX-49), and the benzoyl derivative of the 
latter (XIX-50) is oxidized and subsequently hydrolyzed to a mixture of 

Wasor, Helv. Chim. Acta, 8, 758 (1925). 

" Winterstein-Trier, Die Alkaloide. Borntrager, Berlin. 1931. p. 125-126 

yman J. Soc-. 95, 1266. 1610 (1909); 97, 264 (1910). Burroughs Wellcome 

and Co., Apolheker Z., 26, 779 (1911); Chem. Zentr., 1911, 11. 1263. 
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veratraldehyde (XIX-45) and 6,7-dimethoxy-3,4-dihydroisoquinoline 
(XIX-51). This cyclic amine is quaternized (XIX-52), the methochloride 


CH,0 

CHjO 




(XTX-42) 


CHjCH=CHj CH,0 

CH,0 




V 


CHjCHO CH,0 

1. NHsOH 




2. H, 


CH,0 


CHjCHjNH, 


CH^Ofl^CHO CH.0 


CH,0 


(XIX-45) 


CHaO 



(XIX-44) 




1. CH,I 

2. HBr 


CHjCHjNHCH, 


(XIX-46) 


V 

(XIX-47) 


HCl 



CH,Cl 




CXIX-51) 

4-CXIX-45) 



KMNO, 



(XIX-53) 


1 . ( 0 ) 

2. HOn 



(NaOH^ 
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CH,C«Ha(0CH,)2 
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Figure 2. Synthesis of Epinine 

is oxidized in alkaline medium to 6,7-dimethoxy-2-methyl-l-isoquinolone 

(XIX-53) and the latter is cleaved to Epinine with hydrochloric aci a 
175°. 
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Epinine exhibits one twelfth the pressor activity of L-epinephrine. Its 
motor effect on the gravid uterus is especially pronounced,^® and it has 
been used considerably in gynecology. 


19. Isoquinoline Derivatives 

The incorporation of the ethylamine side chain in an isoquinoline ring 
usually produces pressor compounds. Many 1 .2,3,4-tefrahydroisoquino- 
line derivatives possess a pressor activity greater than that of the cor¬ 
responding phenethylamines. In almost all cases, toxicity is increased 
even more than the useful pharmacodynamic behavioi-. However, de¬ 
pressors are encountered also among the hydrogenated isoquinolines. 
(>-^Iethoxy-X-mcthyl-1 .2-dihydroisocpiinoline (XIX-54) has been reported 
to cause a marked and sustained fall in blood pressure in hypertensive 
dogs. It may be that this compound .should be interpreted as a cyclic 
derivative of benzylamine rather than phenethylamine. 

y\ Clh 

XCII3 


ClhO 


(XIX-54) 


20. Priscoline and Privine 

Similar ditferences in the vasomotoric behavior of another series of 
related compounds in whicl\ the ethylamine chain has become part of a 
heterocyclic ring have i)een observed among 2-aralkyl substituted imid¬ 
azolines.®® Guid(‘d by the thought that nature produces many physio¬ 
logically active alkaloids, amino acids and biogenic amines containing the 

X 

/ \ 

,R 

XII 


CH2 


Cm-2-XH 

(XIX-55) (XIX-5G) 

midazole ring (pilocarpine, histidine, histamine), simple derivatives of 
imidazole (XIX-55) and imidazoline (XIX-50) had been tested repeatedly 
for pharmacological activity. 

'’Mljort, J. Pharmacol. Expil. Therap., 52, 101 (1934) 



318 


CHAPTER XIX 


Several of the latter in which R = benzyl or hydrogenated benzyl 
showed definite vasodilator and hypotensive action in laboratory ani¬ 
mals and stimulated further research in this field. It is noteworthy that 
2-benzylimidazoline, Priscoline (XIX-57) can be thought of as a substituted 
phenethylamine (XIX-58); this analogy may serve as a basis of under¬ 
standing its vasomotoric properties. 


N 

/ ^CHsCeHs 
CH2 

I 

CH 2 —NH 
(XIX-57) 


CH 2 NR 2 CHRCHaCeHs 
CH 2 -NH 


XIX-58) 


Surprisingly, 2-(a-naphthylmethyl)imidazoline (Privine, XIX-59) is 
not a vasodilator like the benzyl derivative (XIX-57), but a powerful 
hypertensive vasoconstrictor of low toxicity. It also lowers body temper¬ 
atures. This effect seems to be connected with the presence of a cyclic 
—C—C—N= structure. 

Privine is synthesized by heating ethylenediamine and 3-(a-naphthyl) 
propionic acid at 280°. 


CH 2 NH 2 

+ 

CI-I 2 NH 2 


HO 



C(CH2)2-a-CioH7 


CHo- 

-NH \ 





CH.- 

-N 



(XIX-59) 


Introduction of phenolic hydroxyl or of methoxyl groups into the 
benzene ring of Priscoline reverses the hypotensive qualities of this drug. 
The 3,4 ,o-trimethoxy derivative (Phedrazine, XIX-60) is a typical hyper¬ 
tensive agent. 


CH3O 
CH3 0<^ 
CH3O 



CeHsNHCHz 


CH 


NH 
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(XIX-60) 


(XIX-01) 


Interposition of an imino group between the aromatic ring an e 

methylene group leads to a derivative of phenylethylenediamine. e 

drug Otrivine (2-anilinomethylimidazoline, XIX-61) has intensive an 
long-lasting pressor activity. 
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III. PHARMACOLOGICAL PROPERTIES AND THERAPEUTIC 

USES^i- 

The mode of action of at least some adrcnerj^ic amines may be ex¬ 
plained on the basis of their relation to the sympathetic mediator, sym- 
pathin. These drugs either protect this mixture of epinephrine and nor¬ 
epinephrine from destruction by competing with it for the same detoxifying 
enzyme, or they promote secretion of the mediator at the neuronic synapse. 
The symptomatic relief brought about by adrenergic drugs is the ultimate 
result of these enzymatic reactions, and influences the physiological be¬ 
havior of the glands and mu.scles at the endings of the nerves whose im¬ 
pulses are affected. 


1. Effects on Blood Pressure 


a. Methods and Applic.vtioxs 

The most significant and dramatic changes brought alxmt by sympa- 
thomimetics are in the condition of the circulatory system. Blood pressure 
is the composite expression of many compoiuaits; among them is the 
pressure within the vascular systems (blood vessels) whicli is maintained 
by the contraction of the left heart ventricle. Contraction of the ve.s.sels 
(va.soconstriction) will tend to raise blood pres.sure (produce hypertension i; 
vasodilation causes a drop in pressure (hypotension). Systolic blocul j)res- 
sure is the maximum pre.ssure occurring at the moment of ventricular con¬ 
traction. Dia.stolic pre.ssure is the one immediately preceding the sv.stole. 

Ihe difference between systolic and diastolic pressure is called pulse pres¬ 
sure. 

Blood pressure is measured by manometric or membrane type reading 
devices both in animals and man. 'fhe membrane tie\ ices are often com¬ 
posed of two facing membranes which act as electrical condensers, and as 
they move to and from each other under tlie influence of the changing blood 
pressure, the changes are amplified and recorded. 

Ihe most common practical device for measuring the pulse pre.s.sure 
works by the asculatory method. It consists of an inflatable cuff which 
is wrapped around the upper arm and is connected to a manometer. The 
cuff is inflated by a rubber bulb until the pressure on the arm is high enough 
to obliterate the pulse. Then a .stethoscope is applied over the artery above 
the inner elbow and the air of the inflated cuff is released slowly through 

Tiiinter, Ind. Eng. Chem., 37, 138 (1945). 

*2 Gold, Ind. Eng. Chem., 37, 117 (1945). 
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a needle valve until the pulse becomes just audible again. At this moment, 
the manometer is read; the pressure corresponds to the systolic pressure 
overcoming the gradually falling air pressure. A few moments later, the 
last sound is heard, representing the diastolic pressure; below this there 
are no sounds, just as nothing can be heard with a stethoscope when placed 
over a peripheral artery unless pressure is applied. 

Measuring the pressure of the blood is actually of minor importance 
pharmacologically than measuring the volume of flow of blood. By de¬ 
creasing the size of blood vessles (vasoconstriction) a sympathomimetic 
amine may increase the pressure while cutting down the volume of blood 
flowing through the constricted vessels. Since the tissues need a certain 
amount of blood as a vehicle for water, o.xygen and metabolites, and to 
remove waste, the heart will be taxed unduly under these circumstances. 
Pulse rate may rise unnecessarily together with pulse pressure, but there 
exist cardiac conditions where the increase of the ability of the heart to 
empty its blood supply under the influence of a sympathomimetic drug is 
of advantage. The most common conditions which require raising of blood 
pressure without other stimulatory effects are primary shock, and the fall 
of pressure so often encountered during anesthesia. Paradoxically, thera¬ 
peutic results in shock have been disappointing since the blood vessels are 
already constricted nearly to capacity. Consequently, little or no pressor 
response is elicited on administration of a vasoconstrictor agent. 

Orthostatic hypotension is a condition in certain patients who ex¬ 
perience lowered blood pressure when they stand or sit, and may faint. 
Neosynephrine, Paredrine and some related vasopressors are capable of 
restoring normal blood pressure without acceleration or increase of the 
work of the heart. Ephedrine and epinephrine also provide a rise in 
systolic pressure, and ephedrine especially produces a prolonged action. 
Both drugs, however, give rise to anxiety symptoms. 

The cardiac stimulating action of epinephrine and its congeners is 
of greatest value if weak blood vessels, unable to contract properly, or a 
heart poisoned by an anesthetic are the cause of heart failure. A qualita¬ 
tive variation of this effect is attained by several other chemically un¬ 
related drugs, the digitalis glycosides, and certain stimulants, especially 
caffeine, theophylline, alkyl nitrites, quinidine and others. These types 
are discussed in other chapters. 

b. Essenti.\l Hyperten’sion' 

Constant maintenance of abnormally high blood pressure essential 
hypertension—is the cause of an ever-increasing number of diseases and 
death among elderly individuals. The cause of this condition is unknown 
but present evidence points to the inability of a damaged kidney to e 
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aminate or otherwise deactivate pressor amines, especially cpineplirine, 
which are produced by decarboxylation of proteinogerious amino acids. 
Other explanations envisage an unbalance l^etween epinephrine and nor¬ 
epinephrine as the possible cause of hypertension. 

C. PoTEN'TIATlOX OF PuESSOU AND DhPUKS.SOR KffHCTS 

It has long been, known tliat small intravenous do.ses of epinephrine 
cause a fall of arterial pres.sure in the anesthetized dog. Tlie expected 
rise in pressure follows the injection of larger do.ses, and the animal im¬ 
mediately tends to restore liomeo.stasis by setting into motion the .so- 
called compensatory or l)uffer mechani.sms. They include slowing of the 
heart, and extension of the walls of the blood vessels by reflex action. 3'lie 
compensatory reflexes are led along autonomic pathways, and are pre¬ 
vented by an}’ agent which blocks autonomic impulses. It is an elegant 
confirmation of the chemical theories of nervous transmission that tetra- 
ethylammonium chloride, a typical autonomic blocking agent, potentiates 
the pressor effect of epinephrine by preventing those reflexes by which the 
animal tries to overcome the increase in blood pressure. 

For the same reason, drugs which lower blood pressure, will evoke com¬ 
pensatory mechanisms tending to offset this change. Again, tetraethyl- 
ammonium ions will block these reflexes, and thereby potentiate the de¬ 
pressor effect of the drug.®^^ 

d. Local Vasoconstrk’tion* 

Specific vascular areas in which alteration of blood volumes are of 
therapeutic value arc the kidney and the na.sal muco.sa. Iii-siifficient flow 
of blood through the kidney is one of the results of high blood pressure. 
In the nasal membranes, expanded blood vessels cau.se turgescence, and 
vasoconstriction opens up the nasal pa.ssages and relieves difficulties in 
breathing. 

None of the presently available amines offer any special advantage for 
this purpose; amphetamine has the advantage of being volatile, and it has 
constituted the active ingredient in a popular nasal inhaler (Benzedrine 
inhaler). On the other hand, some other amines which have to be used 
as no.se drops, especially Xeos 3 'iiephrine, Propadrine and Paredrine, exert 
less central stimulation. Several volatile analogs of amphetamine lacking 
central action have been introduced recently, especiallv d-cyclohexyliso- 
propylmethylamine (Benzedrex). 

1 he prolongation of the effect of local anesthetic.s bv vasoconstriction 
has been discussed in Chapter VUI. Cocaine is in it.self a vasoconstrictor, 

Nickerson, .-Iw. ,/. Med., 8, 342 (1950). 

Moe, ./. Am. Med. Assoc.. 137, 1115 (1948). 
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but most synthetic local anesthetics require epinephrine, or sometimes a 
non-excitatory synthetic pressor amine to avoid de-localization by the 
circulating blood. 

Just as cocaine combines local anesthetic and vasoconstrictor proper¬ 
ties, some pressor amines exhibit local anesthetic and even analgetic activ¬ 
ity {see page 345). This has been utilized in the case of the volatile 
2-amino-()-methylheptane (CH3CH(NH2)(CH2)3CH(CH3)CH3). When 
this aliphatic amine is inhaled from a small tube (Oralator), it seems to 
anesthetize topically inflamed and irritated surfaces in the air passage 
way, and has thus been found of value to sooth a sore throat, and to counter¬ 
act cough due to colds. 

Other aliphatic amines and amino alcohols, for instance 2-methyl- 
amino-O-methylheptanol-6, (CH 3 NHCH(CH 3 )(CH 2 ) 3 C(CH 3 ) 20 H), have 
principally vasopressor properties. 2-Methylaminoheptane (CH3NHCH- 
(CH3)(CH2)4CIl3, Oenethyl) is a slow but sustained vasopressor useful in 
the treatment of hypotension resulting from spinal anesthesia. 

2-Aminoheptane (Tuamine) lias been introduced for similar purposes.®^ 
The relationships of chemical structure and jiressor activity of aliphatic 
amines will be reviewed in this Chapter, Section VI-2. 

2. Effect on Bronchospasm 

a. General 

The constriction of the swollen and dilated bronchial vessels in broncho¬ 
spasm and asthma could perhaps be classified as a local vasoconstrictor 
effect of the sympathomimetic amines. Indeed, epinephrine is able to 
relieve bronchial asthma in very small doses (0.25 mg. or less), but until 
recently epinephrine has stood virtually alone in this action. Other similar 
compounds, especially Paredrine (XIX-40) also exert a strong broncho- 
dilator and vasoconstrictor effect in experimental asthma but are prac¬ 
tically ineffective in the human disease. The anxiety symptoms caused 
by epinephrine add to the discomfort of the patient and have made this 
compound a drug of necessity rather than of choice. Ephedrine (XlX-24) 
can be taken by mouth ii contrast to epinephrine which is administered 
parenterally. But although the bronchodilator effect of ephedrine is more 
sustained, it does not come near the quality of relief obtained with epi¬ 
nephrine. 

The mechanism of bronchodilator action is not quite clear. Con¬ 
striction of the bronchial blood vessels is undoubtedly a major contributing 
factor, since the hormone Pituitrin, known to constrict blood vessels m 

Rohrmann and Shonle, J. Am. Chem. Soc., 66, 1516 (1944). 
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general, can control asthmatic attacks. Relaxation of the spastic bronchial 
muscles may be another immediate elTect. 

The sympathetic innervation of the bronchi inhibits contraction of 
the bronchial muscles, and stimulation of these nerves by drugs relaxes 
the bronchi. 

It seems that epinephrine, hitherto the supreme though certainly not 
the ideal drug used in this condition, has a specific affinity for Ijroncliial 
vessels ^Yhich the much less effective analogous compounds do not possess. 


b. Lsuprel 


A re-investigation of lsuprel Iii3-(isopropylaminomethyl)-3,4-dihydroxy- 
benzyl alcohol, XIX-62] which hail been known for years under the name 
of aludrin demonstrated that this derivative of Arterenol (XIX-2) exhibits 


HOf^CIIOIICiroNH, 


no 






IK) 


(XIX-2) 




(XIX-()2) 


a surprising type of activity. Instead of raising blood pressure, it lowers 
this function; in spite of its catechol structure, it is active orally like Cobc- 
frine. However, when administered orally, tliat is, absorbed throughout 
the system, it causes pounding of the heart. This can be avoided by 
^PPlyii^S the drug topically to the bronchies by inhaling it as an aerosol. 
This mode of administration brings out the most valuable i)roperty of 
lsuprel: it is a powerful though shortlasting bronchodilator.®^ Other 


Arterenol derivatives, especially the N-7i-butyl and the cyclopcntylamino 
homologs, also luu'e strong bronchodilator activity but do not rival 
lsuprel in usefulness.®® 


c. Derivatives of 


l-PllENYLETlIYLENEDIAMINE 


A series of potent bronchodilators has been discovered among com¬ 
pounds in which the alcoholic hydroxyl of the Arterenol type is replaced 
by a primary amino group. The most effective dilator which combines 


Siegmuml, Granger, and Lands, J. Phurmacol. ExpU. Thcrup., 90, 2o4 (1047). 

Corrigan, Langcrmann, and Moore, ./. Am. Chem. Soc., 71, 5.30 (1049). 
lsuprel should not bo confused with the old drug isopral (1 richloroisopropyl al¬ 
cohol, CI3CCIIOIICIT3) which was patented as a hypnotic by rarbenfabrieken 
vorm. F. Layer and Co., German Pat. 151,545 (1903). Likewise the older 
merman name of lsuprel, Aludrinc, might be confused with the abandoned hyp¬ 
notic aleudnn (a.a'-dichloroisopropyl carbamate, IKNCOOCIUCIIoCl )A which 
was patented by Beckmann, German Pat. 271,737 (1911). 
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with this property low pressor activity (10% of epinephrine) is l-(3,4- 
dihydroxyphenyl)-l-amino-2-methylammoethane (XIX-63). It was syn¬ 
thesized from adrenalone (XIX-20).®^ This starting material yielded, 
with potassium cyanate, the imidazolone (XIX-64) which was hydro¬ 
genated to the corresponding imidazolidone (XIX-65). This was ben- 
zylated protectively (XIX-66) and then hydrolyzed to the diamine (XIX- 
67) by heating with ethanolic sodium hydroxide solution. The benzyl 
ether groups were finally removed as toluene by hydrogenation. 
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Although sympathomimetic amines can bring about maximum relaxa¬ 
tion of spastic bronchial muscles, they cannot be with the true 

antispasmodics in the traditional sense. The antispasmodic drugs are 

" Duaohinsky, Dolan, Randall, and Lehmann, J. Am. Chem. Soc., 69, 3160 (1947). 
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concerned with the functioning of cholinergic nerve fibers, and they inter¬ 
fere with cholinergic overstimulation or analogous conditions at the re¬ 
ceptor organ. The adrenei-gic amine.s, on the other hand, superimpose on 
parasympathetic stimulation their own powerful and opjjosite ctTect and 
thereby relax spastic involuntary muscles. 

IV. ANALEPTIC EFFECTS 

Some of the sympathomimetic amines, especially those with a 1-phcnyl- 
2-aminopropane structure (amphetamine, ephcdrine, Paredrine, etc.) stim¬ 
ulate the central nervous system. They maj' be classified broaflly 
as analeptics (see Chapter XII) although their usefulness extends far 
beyond the lightening of narcosis which is the main purpose of analeptic 
drugs. A discussion of their effects which have been so helpful to the 
psychotherapist has been pre.sented as part of the description of the most 
important analeptic of this series, amphetamine (Benzedrine) (page 310). 

V. ENZYMATIC INACTIVATION OF PHENETHYLAMINES 

The relatively simple chemical structure of the pressor amines an<l 
other autonomic drugs, and the profound changes in physiological symp¬ 
toms brought about by small alterations of their molecules, has tempted 
many biochemists to study the pos.sible common denominators of these 
compounds. It is not yet understood how any of the prc.ssor amines 
react with cell chemicals, e.specially with enzymes, and although some 
investigators have speculated about the atomic, and o\'en electronic, details 
of such reactions our concept of the structure of proteins is much too 
loose to permit an adequate interpretation of the overall symptomatic 
observations. Nevertheless, we can gather some information about the 
biochemical fate of the phenethylamines from in vitro studies of their 
behavior towards enzymes, and from an analysis of their metabolic prod¬ 
ucts in living organs. This information offers the best contemporary 
approach to the fundamental understanding of the reaction of these simple 
drugs in vivo. Moreover, the effect of substituents, especially alcoholic 
and phenolic hydroxyl as well as small alkyl groups can be plotted in a 

surprisingly regular manner against the variations in pharmacodynamic 
properties in this series. 

1. In vitro Studies 

In vitro studies would have been more reliable if the enzymes had 
been homogeneous in aU cases. The experimental difficulties involved in 
the purification of enzyme preparations have not made this possible in 
most cases. Diffusion of organs by the drug, or incubation of the drug 
solution with more or less purified enzyme concentrates have been the 
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rule in these experiments. It has therefore not always been possible to 
ascertain whether differences in the degradation of chemically similar 
drugs are due to the interaction with the same individual biocatalyst. 

Primary carbinamines are deaminated in neutral or slightly acid 
solution under the influence of the enzyme monoamine oxidase,®* according 
to the equations: 


(a) RCH2NH3+ +02^ RCH=NH2+ + H2O2 

(b) RCH=NH2+ + HOH ^ RCHO + NH4+ 


Proof of this reaction is obtained readily by determining the ammonia 
and the rate of its formation by the Warburg technique, and isolating 
the aldehyde as the hydrazone or bisulfite addition compoimd in nearly 
quantitative yield by adding the necessary reagents to the incubated 
mixture. If this is not done, the aldehyde may become the substrate of 
aldehyde mutase,®* an enzyme which disproportions it to the correspond¬ 
ing acid and alcohol: 


2 RCHO ^ RCOOPI + RCH 2 OH 

The rate of deamination is determined by the character of the group 
R. If R is an unbranched aliphatic chain, the rate is often high. Branch¬ 
ing (RR'CHChRNIR) slows it do^vn, and if the carbon atom to the 
amino group becomes quaternary (RR'R"CCH 2 NH 2 ) deamination usually 
is not accomplished even if the alkyl groups are methyl. 

Secondary methylamino compounds are more rapidly deaminated 
than the corresponding primary amines, methylamine being evolved. 

RCH2NHCH3 + O2 + HOH RCHO + NI-I2CH3 + H2O 
This increase in rate holds even for compounds with highly branched 
/3-carbon atoms; C6H5C(CH3)2CH2NHCH3 is deaminated slowly, CeHeC- 
(CH 3 ) 2 CH 2 NH 2 not at all. Amine oxidase does not touch N-ethylamino 
compounds (C 6 H 6 CH 2 CH 2 NPIC 2 H 6 ), and if the nitrogen atom is tertiary 
(C 6 H 5 (CH 2 ) 2 NR 2 ), no deamination takes place either, regardless of the 
size of the alkyl groups. 

Introduction of a secondary alcohol group (C 6 H 6 CHOHCH 2 NH 2 ) 
somewhat decreases the rate of deamination; branching at the same 
carbon atom makes tertiary alcohols (C 6 H 6 CR(OH)CH 2 NH 2 ) refractory 
to amine oxidase. 

Phenolic primary carbinamines with amino or methylamino groups 
are among the most rapidly deaminizable substrates of monoamine oxidase 

Sumner and Somers, Chemistry and Methods of Enzymes. Academic Press, New 

York, 1943, p. 269. 

69 Pugh and Quastel, Biochem. J., 31, 286 (1937). 
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in vitro. Their behavior in vivo will be discussed below. Other nuclear 
substituents of less polar character have a less ])ronounced eCfect on the 
rate of deamination. One or two methyl groups in (he ring do not affect 
materially the reactivity of the ro.spcctive side chain. Nuclear fluorine, 
on the other hand, usually cau.ses a drop in the rate of deaminalion.’'^ 

In sharp contrast to the primaiy carbinamines, the isomeric secondary 
carbinamines in which the carbon atom carrjung the amino group is 
branched (RCinTNIl 2 ) are not affected by monoamine oxida.se. Tints 
isopropylamine (CH3CIl(CIl3)NIl2), phenylisopropylarnine (C’clhCll-iClI- 
(CH3)NII.>), ephedrine (CJI3CII01ICIUCII3)N1I0II3), and Oobefrine 
(3,4-(lIO)2C6lI:!ClIO]IC’II(Cll 3 )NII-j) are not altered by this enzyme. 
Nevertheless, these compounds conilhne with monoamine oxidase to loo.se 
complexes which dissociate again reversibly without a change in the struc¬ 
ture of the amine. The rates of dissociation of several amines liave been 
mea.sured, k for phenylisopropylarnine, for instance, being 4 X 10“’. Hut 
becau.se the secondary carbinamines combine with tlie enzyme, they pre¬ 
vent other amines from attaining a place at its reaedive positions. 


2. In vivo Studies 

The detoxication of pressor amines by monoamine oxidase in the 
living animal follows onl^' jiartly analogous pathways as under in vitro 
conditions. The purpose of monoamine oxidase is apparently to dispose 
of the natural phenethylamine derivatives such as tyramine (XIX-10). 
The more the structure of an amine deviates from that of the naturally 
occuring ones, the less effectively will it be destroyed l)y the enzyme. 
Both the acid and the alcohol formed by disproportionation of the alde¬ 
hyde have been isolated from the in vivo deamination of several primary 
carbinamines.^’ Since monoamine oxidase is found in many mammalian 

H0CsH4(cn,)=Nii, Iiocoii 4 cn.,ciio + nh, 

(XIX-10) Oxidase - -r 3 

Alilehycle Mutaso 

^ ■ 1 — 

iioCeriiCiiiiCO.H iiocjiiCii.ciioOii 

tissues, especially in the liver, it is most probably the enzyme catalyzing 
the deamination of phenethylamines, phenylethanolamine and even ali¬ 
phatic primary carbinamines such as isoamylamine. The irreversible de- 

Beyer and Morrison, Ind. Eng. Chem., ‘hi, 143 (1945). 

Guggenheim and Ldffler, Biochem. Z., 72, 325 (1916). 
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toxication of these drugs is the cause of the short duration of their pressor 
activity. 

Some primary (^arhinamiiies whose structure bears less resemblance 
to proteinogenous amines may be excreted unchanged, or partly un¬ 
changed by some mammals which do not provide sufficient monoamine 
oxidase. Mescaline (XIX- 68 ), for instance, is deaminated, and then oxi¬ 
dized to 3,4,5-trimethoxybenzoic acid in the dog or the rabbit,but not 
altered extensively in man.^^ Phenolic carbinamines are degraded by more 
complex routes (see below). 


CH3O 


CH2CH2NI-I2 
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0 CH 3 
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The same resistance to deamination by monoamine oxidase exhibited 
in vitro is apparent in vivo with secondary carbinamines. Ephedrine, 
desoxyephedrine (C 6 H 5 CH 2 Cn(CH 3 )NHCH 3 ) and amphetamine are ex¬ 
creted unchanged slowly in varying amounts over periods of many hours. 
These refractory (unreactive) amines are deaminated, however, by other 
biological carriers. When an animal receiving amphetamine is treated 
with ascorbic acid (XIX-69) less of the drug is excreted unchanged, and 
more of it is deactivated. The coenzyme responsible for this reaction 
must be the ascorbic-dehydroascorbic acid (XIX-70) system which has 
been shown to deaminate both primary and secondary carbinamines.'^^ 

Since the oxidation-reduction process of this pair of compounds is 
well understood, we may picture the role of amphetamine as that of an 
intermediate donor of hytlrogen. This has licen proved by isolating 
phenylacetone from the reaction mixture. 

The deactivation of Propadrine (XIX-30) and ephedrine (XIX-23) is 
probably coupled with the fate of the natural pressor hormone, epineph¬ 
rine. Ephedrine alone, at a dilution of 1 X 10“^ does not raise the blood 
pressure, but if a solution 100 times weaker is added to epinephrine a 
much stronger pressor effect is noted than could be obtained from epi¬ 
nephrine alone. This may perhaps be explained by assuming that ephed¬ 
rine prevents epinephrine from being destroyed by competing with it for 
the same detoxicating enzyme system, or that ephedrine stimulates the 

Bernheim and Bernheim, J. Biol. Chem., 123, 317 (1938). 

Richter, hiochem. J., 32, 1763 (1938). 

7« Beyer, J. Pharmacol. Exptl. Therap., 71, 394 (1941); 76, 149 (1942). 
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secretion of the hormone.^^ Since, however, epinephrine is disposed ofT 
by a mechanism diiTcring from monoamine oxidase deamination (see 
below) this explanation needs furtlier ])roof. If it were true that Prop- 
adrine, ephedrine and other secondary carhinamines owe their activity to 
their inertness toward monoamine oxidase,’® the absence of all pressor 
activity of the simple isomer of ephedrine, CfJhCHOHCHCC.IUNH^, be¬ 
comes hard to explain.” 

A series of substituted N-hexjdamines synthesized by Blicke’® (UNH- 
n-CeHia), were tested as pressors, and as potentiators of epinephrine, 
ephedrine and other sympathomimetic tlriigs. Many of these compounds 
potentiate the pressor action of both ephedrine which is not destroyed by 
amineoxidase, anrl of phenethylamine which is rapidly destroyed by the 
same enz 3 Tne.’® If the activity of ephedrine is caused by its inhibition 
of the enzyme, it could barely be potentiated by other adrenergic amines 
which are supposed to act by the same mechanism. It must be assumed, 
therefore, that phenethylamine and ephedrine owe their activity to their 
ability to inactivate di\'ergent enzyme systems. It must not be over¬ 
looked, howev'er, that the same potentiating deri\''ati\'e of hexylamine 
might react with different enzymes, but the known specificity of enzvmes 
speaks against this interpretation. It has also been considered possible 
that the effector cell (its enzymes combining with the potentiator?) be¬ 
comes sensitized by the reagents. Obviously, the whole question of con- 

Gaddum, Bril, ^fed. J I, 713 (10.38). Gaddum and Kwiatkowsky, J. Physiol 

94, 87 (1938). 

Beyer, J. Pharmacol. Exptl. Therap., 71, 151 (1941). 

Deckert, and Crossley, J. Am. Chem. Soc., 52, 3317 (1930). 

(1939). Blicke and Zienty, ibid., 

vl, 771 (1939). 

Lewis, Proc. Soc. Exptl. Biol. Med., 61, 343 (1946). 



330 


CHAPTER XrX 


nection of activity and enzymatic deamination has not yet received a 
final answer. 

The practical conclusion to be drawm from the resistance of secondary 
carbinamines to enzymatic deactivation is the possibility that they owe 
their long duration of action to their biochemical inertness. This condi¬ 
tion has both advantages and disadvantages. On the positive side, many 
members of this series have oral activity and a desirably prolonged ther¬ 
apeutic effect. The main disadvantage lies in the fact that the slow rate 
of enzymatic destruction permits accumulation of the drugs in the tissues 
and gives rise to toxic manifestations which may prevent their application 
in medicine. 


3. Detoxication of Catechol-Type Pressor Amines 

Epinephrine is detoxicated in vivo so rapidly that the relatively slow- 
acting monoamine oxidase cannot be the only enzyme causing its destruc¬ 
tion. Cobefrine and Epinine (XIX-47) behave, on the whole, in a similar 
manner. It would be convenient to assume that these 3,4-oriAo-diphenolic 
drugs are oxidized to o-quinoid compounds, and this is actually the case 
in vitro (see below). But one of the enzymes needed to bring about this 
oxidation, a phenolase (mushroom catecholase), is not found in the tissues 
of mammals, and is thus ruled out. 

The other enzj^me system which destroys epinephrine in vitro owes 
its oxidative ability mainly to cytochrome. However, cytochrome does 
not oxidize epinephrine in vivo in the same manner.*® While none of the 
enzyme systems studied so far seem to be the cause of the inactivation of 
or</io-biphenolic pressor amines in vivo, the metabolic products of these 
drugs isolated from the urine have given a clue as to their fate. Richter*^ 
isolated sulfuric acid conjugates (sulfate esters) of these phenolic compounds, 
which exist apparently as zwitterions, e.g., “0S020C6H3(0H)CH0HCH2 
NH2''’CH3. There is much evidence of purely biochemical nature for 
the fact that conjugation precedes oxidation, and the in vivo disposition 
of epinephrine, Cobefrine and Epinine by this mode of esterification, 
perhaps under the influence of the enzyme sulfosynthase, is now generally 
accepted. Whether the natural hormone epinephrine is inactivated by 
the same mechanism is still uncertain.*^ The in vitro fate of epinephrine 
and its o-biphenolic analogs under the influence of catechol oxidase re- 

Keilin and Mann, Proc. Roy. Soc. (London), B125, 187 (1938). 

*» Richter, J. Physiol., 98, 361 (1940). Richter and Macintosh, Atn. J. Physiol., 

135, 1 (1941). 

82PIartung, Ann. Rev. Biochem., 15, pp. 610-611 (1946). Beyer, J. Pharmacol. 

Expll. Therap., 79, 85 (1943); Am. J. Physiol., 144, 321 (1945); Physiol. Revs., 

26, 169 (1946). 
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sembles that observed with inorganic oxidizing agents. Epinephrine first 
loses the two hydrogen atoms in the phenolic hydroxjds, and the o-quinone 
derivative (XIX-71) from this reaction cyclizes to the indole derivative, 
adrenochrome (XIX-72). The latter is (piite unstable and polymerizes 
to melanin pigments, but can be fixed l>y iodination to iodoadrenochrome 
(XIX-73). 
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Adrenochrome acts as a carrier in the dehydrogenation of ( —)-malic 
or (-l-)-lactic acid in the presence of coenzyme I. If adrenochrome is 
replaced by (-1-) or ( —) epinephrine, Epinine, Cobefrine or N-methylco- 
befrine, a lag in catalytic activation is observed before these substrates are 
oxidized to adrenochi'ome pigments. Succinic acid is dehydrogenated 
by these combinations in the same way, and glyceraldehyde is probably 
oxidized by epinephrine as a specific carrier. The pressor amines of this 
group, or the adrenochrome pigments derived from them, may take the 
place of flavins in these biological oxidation chains. 

Under special conditions,**^ the deep adrenochrome color, accompanied 
by the loss of hypertensive properties of the oxidized epinephrine solution, 
will suddenly disappear, and the now pale-yellow solution decreases the 
blood pressure. Further oxidation causes precipitation of polymeric mela¬ 
nin. Ihe nature of the unstable intermediate depressor agent is not 
understood; the compound has been named adrenoxine.^ 


“ Bacq, Compl. rend. soc. biol., 127, 341 (1938). 

“ Heirman, Compt. rend. soc. biol., 126, 1264 (1937); 127, 343, 345, 825, 827 (1938) 
Bacq, ibid., 129, 1268 (1937). 
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Monophenolic phenethylamine derivatives, such as tyramine, are ox¬ 
idized by the enzyme tyrosinase o- to the existing phenolic hydroxyl 
group. The biphenolic intermediate (XIX-74) then suffers an oxidative 
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degradation similar to epinephrine.®^ Cytochrome C and codehydrogenase 
I are involved in the changes.®® On the other hand, secondary carbin- 
amines containing one phenolic hydroxyl group are first oxidized by 
phenolases to o-quinone derivatives. The quinone group, in turn, over¬ 
comes the customary inertness of the — CH 2 CH(CH 8 )NH 2 side chain and 
deaminates it to - CH 2 COCH 3 . Beyer®’ has proposed the following scheme 
which accounts both for the observed consumption of oxygen and the 
liberation of ammonia. Reaction [C], the dismutation of the amino- 
quinone to an imino-catechol, is the crucial step necessary in the deamina¬ 
tion of the side chain. Other extraneous phenols such as p-cresol may 
take the place of the o-quinone grouping in this step; they are oxidize 

86 Dulidre and Raper, Biochem. J., 24, 239 (1930). 

88 Snyder, Goetze, and Oberst, J. Pharmacol. Exptl. Therap., 86, 145 ClJ4t>;. 

8^ Beyer, J. Pharmacol. Exptl. Therap., 71, 151 (1941). 
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quinones by the enzyme, and in turn oxidize the secondary carbin- 
ine.®® 
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4. Differences in Activity Due to Stereoisomerism 

Quantitative differences in tlie activity of the stereoisomeric forms 
of certain sympathomimetics have been mentioned during the description 
of the compounds concerned. It will be remembered that d( —)epineph- 
rine is about 20 times as active as the l(+) isomer, that (+)amphetamine 

Beyer, J. Pharmacol. Exptl. Tkerap., 71, 384 (1941). 
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is a more powerful central stimulant than ( —) amphetamine, and that 
d( —)ephedrine and L(-i-)pseudoephedrine are more active than their re¬ 
spective isomers. These differences are explainable on the basis of the 
stereochemical specificity of the cell protoplasm. The “receptor” sub¬ 
stance, presumably unchanged sterically through millions of generations 
of cells, fits the shape of the molecule of a drug to its own when it comes 
in contact with the foreign chemical. We do not need to think of the 
interaction of drug and plasma constituent as a chemical alteration of 
both participants, but often only as the mutual fitting of molecular cavi¬ 
ties, corners and other space relations. A chemically extremely similar 
drug, such as the optical isomer of an active compound, will be able to 
enter all the nooks and crannies of the influenceable plasma molecule 
except those into which its configuration will not fit. A greater number 
of the same type receptor molecules will have to be occupied, that is, a 
higher number of the less suitable drug molecules will be used up to pro¬ 
duce the same effect as the sterically fitting, more efficient isomer. 

A new difficulty is introduced when stereoisomeric forms of a drug 
produce not only quantitatively but qualitatively different physiological 
symptoms. It is then no longer easy to see how one and the same proto¬ 
plasmic reagent coidd respond to the sterically different shapes of the 
same drug in a manner which produces far-reaching different effects. It 
may be, of course, that functional groups unoccupied by a sterically ill- 
fitting isomer become involved in reactions with entirely unrelated rea¬ 
gents and thus give rise to new symptoms. But the possibility cannot be 
disregarded that stereoisomers react with two sterically or otherwise 
differentiated substrates, leaving the unreacted plasma reagent free to 
cause, by irrelevant other chemical transformations, a new set of symptoms. 

Whichever of these explanations is accepted, profound qualitative 
differences in the effects of stereoisomers have become known. In the 
field of sympathomimetics, the pharmacological effects of the optical 
isomers of Synephrine (4-HOC6IT..CIIOIICH2NIICH3) may serve as suit¬ 
able examples.®'* The ( 4 - ) isomer causes vasodilation in doses of 10 mg., 
whereas the ( —) isomer causes vasoconstriction in very small doses (0.5 — 

2 0 mg). Doses of the racemic mixture up to 50 mg. do not constrict 
peripheral blood vessels, and since this 50 mg. consists of equal parts 
(25 mg ) of the two isomers, it is obvious that the vasodilating (+) form 
can overcome completely the inherently much more powerful vasocon¬ 
strictor action of its optical isomer. u + 

The qualitative and therapeutically important variations t>etw 

(+) and (-) amphetamine have been mentioned but the astonishing di - 

-Tainter, J. Pharmacol. Expll. Therap., 40, 43 (1930). Tainter and Seidenfeld, 
ibid., 40, 23 (1930). 
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ferences between the salts of stereoisomeric acids with ( —) amphetamine 
defy, at present, exijlanation. The i-mandelatc of tlie Z-l)ase is approxi¬ 
mately 47% more active than the d-mandelale; the physiologically active 
base is sterically the same in both salts, and neither of the forms of man- 
delic acid is known to exert a noticeable elTect on the blood pressure. 
Hartung^‘ has reasoned that the modification of the activity of the base 
brought about bj-- a supposedly nonparticipating acid may mirror similar 
modifications of an active drug 1 ) 3 ’’ different tissue constituents of yet 
unknown nature. 

How chemical changes at as 3 'mmetric centers may modify the (piality 
of pharmacod 3 mamic properties has been shown in the case of the drug 

Cobefrine (3,4-(H())2C6H3ClI()lICH(CIl3)NIl2). Two of the four possi¬ 
ble optical i.somers have been studied, one d~ and one I- form.^^ 

The I- form has up to 200 times the pi’essor acti(jn of the d- form and 
is qualitativel 3 ' similar to epiriephrine. The d- form possesses centrally 
stimulating action. Reduction of the alcoholic h 3 'droxyl of either isomer 

leads to 1-C3,4-dihydroxyphcnyl)-2-aminopropane [(IIO) 2 C 6 H 3 CIl 2 CH- 
(CH3)Nri2l which retains onl 3 ’’ one a.s 3 'mmetric carbon atom; the reduc¬ 
tion product from either source behaves similar to ephedrine, and has lost 
its epinephrine-like qualities. 

VI. CHEMICAL STRUCTURE AND ADRENERGIC 

ACTION 

1. /3-ArylethyIamine Derivatives 

The study of the biochemical behavior of sympathomimetic amines 
has done more for the theoretical background of medicinal chemistry than 
purely statistical deductions of relation of structure and properties drawn 
from endless tables of synthetic variations. Nevertheless, such deduc¬ 
tions can and must be drawn even in this field since the enzymatic deac¬ 
tivation of theses amines has not yet answered all questions. Why does 
Adrenalin principally raise the blood pressure while its simple homolog, 
Isupiel, lowers it in therapeutic doses? Why does l-phenyl-2-amino- 
butane have so much less activity than its lower homolog, amphetamine? 
How about quantitative, and expecially the qualitative differences of 
steieoisomers? Such fine points cannot yet be explained by differences in 
the rate of reactions of the compounds concerned. A survey of the rela¬ 
tions between structure and activity is therefore of value, even though 

““Swanson, Scott, Lee, and Chen, J. Pharmacol. Exptl. Thcrap., 79, 329 (1943) 
Hartung, Ind. Eng. Chem., 37, 126 (1945). 

«Schaumann, Arch. exp. Path., 181, 137 (1936). 
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all attempts to arrive at some empirical conclusion must remain specu¬ 
lative at this time.'^^ 

When the synthesis of epinephrine had been performed, Stolz^® had a 
suitable intermediate at his command which permitted the preparation of 
variants of the hormone structure. From this intermediate, chloroacetyl 
catechol, 3,4-(HO)2C6H3COCH2Cl, a number of amino ketones and the 
corresponding amino alcohols were readily available. Their pharmaco- 

HOj^NcOCHaCl 
HO^ 


logical study by Loewi and Meyer,and that of a similar series by Dakin®® 
revealed that the amino alcohols had, on the whole, a greater degree of 
“Adrenalin-like” action than the amino ketones, provided the amino 
radicals were not too complicated. 

As in so many other pharmacological studies, the evaluation of dif¬ 
ferent chemicals on the basis of a multiple effect such as that of Adrenalin 
has remained difficult. Adrenalin not only raises the blood pressure by a 
variety of convergent individual actions, but it also inhibits the tone and 
rhythm of the muscular walls of the mammalian intestine and of the urinary 
bladder of the cat. Furthermore, it stimulates the pregnant uterus of 
this animal, and inhibits its movements in the absence of pregnancy, or 
in the virgin state. These statements from the classical article by Barger 
and Dale® presage the dilemma of a large chemical screening program in 
this field. There are many amines which are superior to Adrenalin in one 
or another of these activities but while their ultimate usefulness may be 
determined by just these special and selective preferences of effector 
organs, a readily measurable property common to almost all of them is a 
must for preliminary screening* This property is the rise in the bloo 
pressure, or its occasional lowering, produced by this class of compounds. 
With all its shortcomings, the evaluation of sympathomimetic amines as 
pressor drugs has become their main point of comparison. For a ner 
gradation of effects, a more comprehensive study with special attention to 
the effects on the uterus should be useful for each compound. Such a 

**3 Hartung, Chem. Revs., 9, 389 (1931). 

« Loewi and Meyer, Arch. exp. Pathol. Pharmacol., 53, 213 (1905). 

Dakin, Proc. Roy. Soc., B76, 491 (1905). 
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procedure has made it possible to recognize, at an early date, that the closer 
the approach to the structure of Adrenalin, the more can a drug be ex¬ 
pected to duplicate all the various actions of the hormone. As Barger 
and Dale put it, “approximating to Adrenalin in structure is, on the whole, 
attended with increasing intensity of sympathomimetic activity, and with 
increasing specificity of action”. 

There was not much use in looking for .sympathomimetic activity 
in aniline; neither did bcnzylamine have any promising properties, nor 
did 1 -amino- 1 -phenylethane (C 6 H 5 Cn(CIl 3 )NH 2 ) in which only one carbon 
atom separates the aromatic nucleus from the amino group. Phenethyl- 
amine showed high but brief activity, about 100 times that of epinephrine. 
In 3-phenylpropylamine a decline was noted which continued (as shown 
by later investigators) as the distance between the ring and the nitrogen 
function was heightened. The optimum conditions were tlius reached in 
the outline structure Ar-C-C-N. All important and most active modern 
adrenergic drugs contain this skeleton. 

Even considerable chemical manipulation of the phenethyl group 
does not produce decisive deviations in activity'. Introduction of an al¬ 
cohol function (XIX-75), monomethylation of the amino group (XIX-76), 
or even incorporation of the side chain in a ring in 2-amino-l ,2,3,4- 
tetrahydronaphthalene (XIX-77) does not affect activity on peripheral 
blood pressure. However, other similar cyclic amines in which the phen- 



(XIX-75) (XIX-7G) (XIX-77) 


ethyl structure has been preserved do not possess much activity. The 
N-alkyl derivatives of aminoindane (XIX-78) and indanolamine (XIX- 
79) are a case in point, but they are interesting because of their broncho- 
dilator action.®® If the carbon atoms of the side chain become part of an 

I CHNHR I CHNHR 

(XIX-78) (XIX-79) 

alicyclic ring, the pressor as well as the effect on the central nervous sys¬ 
tem appears to be lowered. 

” Levin, Graham, and Kolloff, J. Org. Chem., 9, 380 (1944). 
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2-Phenylcyclopropylamine (XIX-80)®®* has only 0.001 to 0.017 the 
pressor action of epinephrine, and only about one seventh the centrally 
excitant effect of Benzedrine. Its MLD is 50-60 mg./kg. (in rats, intra- 
peritoneally) 

CHz 

/ \ (XIX-80) 

CeHsCH-CHNH2 

Substitution of phenethylamine by a phenolic hydroxyl group leads 
to compounds of increasing strength as the phenolic group is moved from 
the ortho to the mela and to the para position. Two phenolic hydroxyls, 
especially in the catechol structure, produce even more powerful com¬ 
pounds, while analogous derivatives with three phenolic hydroxyl groups 
exhibit less pressor activity than the catechol types. The action of these 

^(CH2)2NH2 <^^""^(CH2)2NH2 H0<^^^^(CH2)2NH2 

HO 

<^H0<^^^^(CH2)2NH2 ')> H0<(^^^(CH2)2NH2 
^ Oil HO OH 

compounds is intensified, in general, by the introduction of an alcoholic 
hydroxyl group at the carbon atom of the benzyl position; the phenolic 
(3-phenylethanolamines are strong pressor substances. 

Extensive systematic variations of the amino group have not made 
possible overall conclusions about the influence of N-alkylation on pressor 
activity. On the whole, N-methyl compounds appear less active than 
the corresponding primary amines but this generalization has many ex¬ 
ceptions; 3,4-dihydroxy phenethylamine is four times less active than ite 
N-methyl derivative. In many cases the decrease in pressor activity is 
accompanied by a rise in toxicity of the methylamine derivative. This 
holds even more for dialkylated compounds; tertiary amines of this series 
lose activity and gain toxicity as the size of the alkyl groups is increased. 
Many are no longer pressors but possess analgetic properties (see Section 

Monoalkylation of the primary amino nitrogen is difficult to evaluate 
in generalized terms; both increases and decreases of activity have been 
observed after monomethylation. Larger alkyl groups may again have 
varied effects. Thus, replacement of the N-methyl group in epinephrine 
by N-isopropyl in Isuprel causes a change from vasopressor to depressor 

Burger and Yost, J. Am. Chem. jSoc., 70, 2198 (1948)- 

Fellows, private communication. 
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type action, and a simultaneous increase of bronchodilalor activity. Di¬ 
alkylation results usually in a decrease or loss of activity. The quaternai-y 
salts derived from adrenergic amines conform to the general rule that 

quaternization cau.ses curariform activity (Chapter XXII); however, hor- 

+ — 

denine methiodide (4-nOC6n4CH2C’H2X(CIl3);fI) acts like nicotine rather 
than curare. 

A radical change in the character of the side chain abolishes adrenergic 
activity. The a-amino acids t)f the phenylalanine type (C'oHoCIb^C'II- 
(COOH)Nn 2 ) from which the naturally occurring active ba.ses may be 
derived are without action. The literature does not report the effect on 
the blood pressure of esters or amides of amino acids in whicli the essen¬ 
tially l)asic properties of the sympathomimetic side chain have been 
re.stored. 

Among the mo.st intere.sting comparisons of substitutents of tlie side 
chain are those between various alkyl groups, and between methyl an<l 
hydroxyl. The effect of tlie methyl group on the d-<‘arbon atom in .stabiliz¬ 
ing the molecule against enzymatic attack has l)een descril)ed. As may 
be expected, removal of the metliyl group to tlie a-carl)on atom (C'JIsC'II- 
( 0113 ) 0112 X 11 - 2 ) makes for le.'^s biocliemical interference, and the duration 
of the effect of tins comi)ound is shorter than that of the isomeric amphet¬ 
amine (C6ll6CH2('H(OI[3)X'n2). As the size of the alkyl group in the 
/3-position is increa.sed, the compounds become more refractory to deamina¬ 
tion, and are therefore retained longer in the system. Both their toxicity 
and vasopre.s.sor activity ri.se. 

The hydroxyl group has about the .same weight (17) as methyl (15); 
tliey may be expected to have approximately the same size, and have been 
rcganled as i.sosteric.®^ It is doubtful wliether this view could be de¬ 
fended since the term isosterism covers similarities in reactivity as well 
as spatial bulk. However, a definite analogy is found in the pharma¬ 
cological properties of 2-phenyl-l-aminopropane (C\H 5 C'II(C'n 3 )CH 2 NIl 2 ) 
and phenylethanolamine (C’elloCIIOHC'IDXID); they both arc as pressors 
equal to epinephrine, and have about the .same toxicity. The X^-methyl 
derivatives of these two compounds, CdhCUiClU^CUnSllClh and 
CellsCIIOHCIDNHCIIs, are both about ecpially much less toxic than 
X-methylphenethylamine, CgH 5(CH2)2XHCH3. A further analogy can be 
drawn between the homologous /3-phenylpropanolamine (CellaCIIOIICII- 
(CJl3)XH2) which shares with the “isosteric” 2-amino-3-phenylbutane 
(C 6ll5CII(CIl3)CH(CIl3)NIl2) a lack of stimulatory properties. 

Observations parallelling those concerning alkyl substitution in the 
side chain have been made with alkyl groups in the aromatic nucleus. 

^Mlartung, Chem. Revs., 37, 126 (1945). 
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Again, methylation lowers activity and increases toxicity, expecially in 
derivatives containing an ethanolamine side chain. Larger aliphatic nu¬ 
clear substituents ultimately abolish activity completely, while a benzyl 
group may produce depressors. 

Derivatives of cyclohexane containing jS-ethylamine or /3-isopropyl¬ 
amine side chains have vasopressor properties. This shows that the 
fundamental structure, Ar-C-C-N-, is amenable to considerable variations. 
It is not surprising, that the benzene ring can be replaced by the isosteric 
thiophene nucleus without appreciable loss of activity.®^ The isostere of 
amphetamine, /3-(2-thienyl) isopropylamine (XIX-81), is highly active in 
dogs on intravenous injection.’®® Nevertheless, none of these nuclear 




CH 2 CHNH 2 

CH3 

(XIX-81) 


alterations have produced a drug which could rival the best of the sub¬ 
stituted phenethylamine derivatives in activity and therapeutic index. 

2-(o:-Pyridyl) isopropylamines substituted by methyl or ethyl in posi¬ 
tions 5 or 6, are principally analgetics. These compounds are prepared 
from the corresponding picolyl lithium derivatives and acetonitrile, and 
subsequent application of the Leuckart reaction to the respective pyridyl- 
acetone.’®’ 

RPy-2-CII.Li ’ » RPy-2-CH.COCHa 

-> RPy-2-CH2CH(CH3)NH2 


l_(4_]VIethyl-2-thiazolyl)-2-aminopropane (XIX-82) and its N-methyl 
derivative had a certain stimulating effect on the cerebrum, but the action 
was weaker than that of Benzedrine. The toxicity of these compounds 
was also lower than that of the reference drug. The isomer (XIX-83) had 
a sedative rather than an analeptic effect.’®^ 
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fo Blicke and Burckhaltcr, J. Am. Chem. Soc., 64, 477 (lp42). 

100 Warren, Marsch, Thompson, Shelton, and Becker, J. Pharmacol. Expt . P » 

79, 187 (1943). Alles and Feigen, ibid., 72, 265 (1941). 

101 Burger and Ullyot, J. Org. Chem., 12, 342 (1947). 
loa Ekstrand, Acta Chim. Scand., 2, 727 (1948). 
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p-Chlorophenethylamine is considerably more active than phenethyl- 
amine, but a similar relation does not prevail for the pair p-chlorophenyl- 
propanolamine (p-ClC 6 lI.iClIOHClI(CIl 3 )NlT 2 ) and phenylpropanolamine. 
The former is three times more toxic tlian its parent compound, and only 
one fourth as acti\'e. Introduction of fluorine into nuclear j)ositions 
0 -, m-, or p- to the side chain again leads to increased toxicity; the 
pressor properties of such compounds ai e irregular. 

The data for monophenolic phenethylamines and phenylethanolamines 
recorded by Barger and Dale have painted only a j)art of the picture of 
nuclear monohydroxy substitution, because no derivatives with l)ranched 
side chains had been included in their study. The more recently pre¬ 
pared pairs of compounds are mainly m- and p- hydroxy deriv'atives since 
ortho substitution has not led to particularly promising compounds. The 
m-substituted compounds are on the whole more etfective pharmacologically, 
both in regard to pressor activity and, unfortunately, general toxicity. 
The p-isomers are less toxic than the non-phenolic parent amino alcohol 
but have a greater pressor activity; this does not, however, match that 
of the m- isomer. A significant difference between the isomers of each 
pair lies also in their respective type of action. The p-isomers simulate, 
on the whole, the effect of postganglionic sympathetic ner\’e fibers on 
muscles while the m- isomers show a more generalized effect, approaching 
that of the more disperse epinephrine. This may explain their greater 
total activity. 

Powerful pressor activity is exhibited by dialkoxy derivatives of 
type (XIX-84).i»3 


ROri^CHOHCIDNH 




OH 


(XIX-84) 


Amino substitution of the aromatic ring has been studied on a limited 
scale. p-Aminoephedrine is about twice as active, and half as toxic 
as ephedrine and thus resembles p-h 3 ^droxyephedrine pharmacologically. 

/3-(p-Aminophenyl)-N,N-dimethylethylamine (4-H2 NX’gH4CH2CII2N(CH3)2) 

raises the blood pressure by a mechanism similar to that of nicotine; it 
is ten times more active than its parent compound without the nuclear 
amino group (C6H6CH2CH2N(CH3)2).i'>5 

The trend towards greatest pressor activity is thus noticeable both 
in meta and para substituted derivatives, and highest potency is attained 

^ (1940); 68, 591 (1946); 70, 1084 

HI Pharmacodynamie, 46, 192 (1933) 

Bovet and Benoit, Compt. rend. soc. biol., 136, 328 (1942). 
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in compounds which combine both types of nuclear substitution, that is, 
in catechol derivatives having the two hydroxyls in positions 3 and 4. 
Kpinephrine, Cobofrine, and Epinine are examples for this rule. That 
the opposite effect on blood pressure may also occur in this series is at¬ 
tested by Butanefrine and Isuprel which are principally vasodepressors; 
however, Isuprel increases cardiac rate much more effectively than epi¬ 
nephrine. 

Nuclear position isomers of the therapeutically valuable 3,4-dihydroxy 
compounds which have the two phenolic groups in other relative nuclear 
positions have not been studied adequately. Etherification of the phenolic 
hydroxyls leads to alkoxyphenethylamines and alkoxyphenylethanol- 
amines. The methoxyl derivatives have been investigated carefully, but 
bc.yond the uncertain statement that most of them are less active and 
moi’o toxic than the corresponding phenolic derivatives, no valid trend of 
relations of their structure and pharmacological activity has been 
elaborated. 

2. Aliphatic Pressor Amines 

Because isoamylamine is formed from leucine by putrefaction and 
shows definite pressor properties, Barger and Dale® included a few ali¬ 
phatic amines in their original investigation. 

Of the normal primary aliphatic amines from one to fifteen carbon 
atoms, a-hexylamine was the most acti\'c pressor amine. The higher 
members of the scries became increasingly toxic and depressant, apparently 
in relation to the increasing preponderance of the “narcotic alkyl” over 
the “excitant amino” group. Also, the low solubility of the higher mem¬ 
bers of the series made testing difficult. 

Isoamylamine, (C’H 3 ) 2 CHCH 2 CII-»NIl 2 , was found to be less active 
than the normal isomer; likewise, secondary aliphatic amines were weaker 

pressors than the primary analogs. 

Introduction of a second amino group as it is done in pentamethylene 
diamine (cadaverine) leads to a virtual reversal of activity; cadaverine is a 
vasodepressor. It appears that no valid comparison between the pressor 
activity of aliphatic diamines, and that of the catechol type diamines 
mentioned above, can be drawn. A comparison of their bronchodilator 
action may lead to more satisfactory conclusions. Whatever the pharma¬ 
cological properties of aliphatic amines, these compounds were not eon- 
sidered to be of practical value as pressor substances by earlier workers. 

106 Graham, Cartland, and WoodrufT, Ind. Eng. Cheni., 37, 1-49 (1945). Ilauschild, 

Arch, exptl. Pathol. Phannakol., 195, 647 (1940). 
cf. Danker and Hartung, J. Am. Pharin. Assoc., 30, 619 (1941). 
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A recent reinvestigation of aminoalkanes had as its aim to determine 
the influence of the location of the amino group along tlio carbon (;hain, 
and also the effect of side chains on pressor action.*'*^ Conditions for 
optimal activity were found in compounds with 7 to 8 carbon atoms wliicli 
carry the amino group in the 2-position. The acti\'itios of some of these 
derivatives in the pithed cat, i.e., in animals in wliich the medulla had 
been severed near the base of the skull in order to eliminate central ner\'ous 
system effects on the blood pressure, are listed in Talde III. They ai’e 
expressed as epinephrine equivalents, that is, the milligrams of ejiinepli- 
rine which would pi-oduce the same pressor effect as 1 mg. of the amine. 


TABLE III. Prkssor Activity of Alitii.vtic .Vmin’ks'®* 


Sulfutc of 

Epinephrine 

Equivalent 

Controls: Ephcdrine 

0.00076 

Amphetamine 

0.0045 

IhNCCIIdsCIL 

0.003 

CILCIUNILKCIDaCHa 

0.003 

CILCHCNIDCIhCIKClDClIj 

0.001 

IliNCClDcCIIj 

O.OOOS7 

CIbCIhNIDCClDiCHj (Tuamine) 

0.0037 

CH3CIhCII(NIl2)(CH2)3ClU 

0.001 

CIMCIDiCIICMLKCIDjCIb 

0.0000 

CIl3ClI(NqL)ClI(CIl3)(CH2bCIl3 

0.00125 

cii3cn(KH2)(ciro)2Cii(cii3)Cir3 

0.002 

CII3CII(NII3)C1LC1I(CII3)('II-.CII3 

0.005 

IIoNCCIDtCHj 

0.0000 

CIl3CII(NH2)(CIIo)j.CIl3 

0.0015 

C!l3CIl2CII(Nqi2)(CH,)3CH3 

0.00075 

CIl3ClI(Nqi2)CII(CIl3)(CIl2)3CH3 

0.001 

cii3Cii(i\qi2)ciiiCii(cii3)(cii..).,cii3 

0.0037 

cn3C!i(Nii2)(cii2)2Cii(cii3)cii..cir3 

0 002 

CH3Cii(Nqi2)(c‘ii2)3Cii(('ir3)Cii3 

0 0033 

cir3Cir(Nqi2)cii(cii3)(cir2)..cii(CH3)cn3 

0.0015 


Ihis comparison tiemonstrates that branching is in many cases actually 

necessary for maximum activity. This is home out for the most active 

compountls of the series, 2-amino-4-methylhexane, and 2-amino-4-methvl- 
heptane. 


father aliphatic amines which have been carried beyond the early 

^ag^ of experimental study are 2 -methylamino-G-methylheptene -5 (Octin 
CIl3C(CH3)=CH(CT and 2-methylaminoheptane 

(Oenethyl, CHaCCH.I^CHICHsINHCHs). 


Rohrmann and Shonlc, J. Am. Chem. Soc., 66, 1517 (1944). 



344 


CHAPTER XrX 


Certain aliphatic and alicyclic hexylamines provide further proof that 
pressor activity does not reside only in aromatic derivatives of alkyl- 
amines. N-Methylhexylamine (CeHiaNHCHs) and dihexylamine ((C 6 Hi 3 ) 2 - 
NH) are potent pressors, as is N-( 7 -cyclohexylpropyl) hexylamine (CeHn- 
(CH2)3NHC6lIi3) J the latter is more active than the corresponding phenyl 
derivative, but also much more toxic. 

A series of secondary i3-cyclopentylethyl-(C6H9CH2CH2NHR) and 
/3-cyclohexylethylamines (CCH 11 CH 2 CH 2 NHR) have also been shown to 
have distinct sympathomimetic activity.They elevate blood pressure, 
increase heart rate, and relax the intestinal muscles and the uterus of the 
cat. The importance of Benzedrex (/3-cyclohexylisopropyl-N-methyl- 
amine) as a nasal shrinker without analeptic side effects has been discussed 
before. Methyl-bis-/3-cyclohexylethylamine, (C 6 Hii) 2 CHCH 2 NHCH 3 , has 
been introduced as an antispasmodic under the name of Cyverine. The 
biochemical destruction of these compounds has been described in Sec¬ 
tion V. 

In another series of cycloalkylethylamine derivatives, 1-cyclopentyl- 
2-methylaminopropane was singled out as a favorable, orally active vaso¬ 
constrictor agent. 

VII. DIALKYLAMINO ALKOXY-, ALKYLTHIO-, 

AND ALKYLAMINO-ARYL DERIVATIVES 

The most important sympathomimetics in the wider sense of the 
definition of this term are to be found in the series of aralkylamines, espe¬ 
cially the phenethylamines and their functional derivatives, and these 
compounds are followed by the less active, but occasionally more selective 
agents in the aliphatic and alicyclic series described on the preceding 
pages. In addition to these derivatives, interruption of the carbon-to- 
carbon bonds by (a) ether oxygen, (b) thioether sulfur, and (c) imino 
groups has also been studied. These compounds may be represented by 
the following partial formulas. 

(a) Ar-0-C-C-NR2 

(b) Ar-S-C-C-NRs 

(c) Ar-NH-C-C-NR 2 

Several of these compounds are sympathomimetic agents. For ex¬ 
ample, a-phenylthio-/3-methylaminoethane (C 6 H 5 SCH 2 CH 2 NHCH 3 ) exerts 
a violent and long-lasting hypertensive action.N-Phenylethylenedi- 

Lands, Lewis, and Nash, J. Pharmacol. Exptl. Therap., 83, 253 (1945). 
no Chen, Ann. Olol. Rhinol. Laryngol., 57, 287 (1948). 

Ill Benoit and Bovet, Bull. Soc. Pharmacol., 45, 97 (1938). 
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amine (C 6 H 6 NHCH 2 CH 2 NH 2 ) is also strongly pressor.”^ However, it is 
not possible to generalize about the type of activity of these compounds. 
Minor structural changes protluce profound qualitative differences, and a 
considerable specificity of action emerges from the general autonomic 
properties of the substances. As an example, tlie structures and pharma¬ 
codynamic properties of a few jS-phenoxyethylamines are collected in 
Table IV. 


TABLE IV. Phahmacodynamic Propehties op Certain /3-Phenoxyethyl- 

AMINES“* 


Nuclear Substituenta 

none 

none 

3- OH 
none 

4- NHj 

2-l8opropyl-5-mcthyl 

2.Allyl.6-OCIT, 

2 -phenyl 





3_2 

^OCH,CHR'NRa 
6 6 


R' 

R 

Activity 

OPI 

CH, 

Antipyretic 

H 

piperidino 

Local Anesthetic 

H 

CHa 

Pressor 

H 

Calls 

Sympatholytic 

11 

CHa 

Nicotinic 

H 

Calls 

Antihistaininic 

II 

Calls 

Oxytocic 

H 

Calls 

Antifibrillant 

H 

CHa 

Analeptic 


VIII, ADRENERGIC AMINES AS ANODYNES 

If the recent pharmacological interpretation of algesia (production of 
pain) as a cholinergic experience, and of analgesia (relief from pain) as an 
adrenerpc process is correct, the pain-obtusing properties of adrenergic 
amines become more readily understandable. The elevation of the thresh- 
o d ot pam by epinephrine, Synephrine, epliedrine, Paredrinol, desoxy- 
ephedrine. and similar compounds has been noted repeatedly.'^ and 
amphetamine has been observed to potentiate the analgetic action of 

m Compt. rend. soc. biol., 130, 1192 (1939). 

du t Pharmacodynamique dee Medicaments 

"• Pero Giorn ilnl Interscienee, New York, 1948, p. 231. 

ziTnZVoitdTTr h 

Bull. Northmeei. Unis. 187298 HoM) “ 
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TABLE V. Analgetic Derivatives of Diphentlethylaminb and 

Diphenylbthanolamine”’ 


CelUCHoCHCNPDCIL 

CfiHsCHaCIICNIDCelU 

CoHsCILCIKNUCHOCelU 

CeHsCILCHCNIICIDCelLOHC-S) 

CJI.sCIl2CH(NHCH3)C6H40C2H6(-3) 


C6H5CH0HCH(NH2)CH3 

CeHsCHOHCHCNtDCeHs 

4-H0C6H4CH0HCH(NH2)C6H6 

C6H5CH2CH(NHCH3)C6H40H(-4) 

C6H5CH2CH(NHCH2C8H6)C8H40H(-4) 

3-CH30-4-H0C6H3CH2CH(NH2)C»H6 


TABLE VI. Phenylalkylamine and Analogous Derivatives Exhibiting 

Marked Analgetic Activity in Cats 


Compoun 

Dose mg./kg. 

Effective 

Toxic 

4 -CH 3 C 6 H 4 CH 2 CH(CH 3 )NH 2 

10 

20 -f- 

4 -CH 30 C 6 H 4 CH 2 CH(CH 3 )NH 2 

2 

6 

4 -CH 30 CcH 4 Cn 2 CH(CH 3 )NHCH 2 C 6 H 6 

25 

35 

4 -CIl 30 C 6 H 4 CH 2 CII(CH 3 )NH-isoPr 

20 

50 

4 -H 0 C 6 H 4 CH 2 CH(CH 3 )NH 2 

2 

30 

d- 4 -IIOC 6 Tl 4 CH 2 CII(CIl 3 )NIl 2 

2 

20 

4 -C 6 H 6 CIl 2 COOC 6 ll 4 CH 2 CH(CH 3 )Nn 2 

20 

30 

3 , 4.(01130 ) 2 C 6 H 3 CH 2 CII(CIl 3 )NH 2 

20 

75 + 

3 , 4 -(cn 30 ) 2 Cji 3 cn 2 cn(CH 3 )NHcn 2 CH 2 C 6 H 3 

35 

35 

3 , 4 -(CH 30 ) 2 C 6 ll 3 Cn 2 CH(CIl 3 )NHCH(Cn 3 )CIl 2 C 8 H 8 

25 

25 

3 -C 6 H 5 CH 20 - 4 -CIl 30 C 6 H 3 Cn 2 CII(Cn 3 )NH 2 

35 

35 

3 . 4 -CH 202 C«ll 3 CIl 2 Cn(CIl 3 )NH 2 

2.5 

7.5 

4 -HOCJ-l 4 CH 2 CH(C 2 H 6 )NH 2 

10 

35 

C 6 H 5 Cri 2 Cii 2 Cii(cii) 3 Nri 2 

15 

40 

4 -HOCoH 4 CH 2 CIl 2 CH(Cir 3 )NHC 4 n 9 

20 

25 

4 -HOC 6 ll 4 CIT 2 Cri 2 CII(C 2 ri 5 )NIl 2 

25 

50 

3 , 4 .(CH 30 ) 2 C 6 H 3 CH 2 CIl 2 CII(CH 3 )NIl 2 

25 

75 

C 6 H 6 (Cn 2 ) 3 CH(CH 3 )NH 2 

6 

30 

4 -HOC 6 H 4 (CH 2 ) 3 CH(CH 3 )NIl 2 

25 

50 

C 6 H 8 (CH 2 ) 4 CH(Cir 3 )NH 2 

15 

25 


morphine.*'^' Epinephrine, when led directly into the brain, causes 
spectacular and long-lasting analgesia. Many compounds bearing struc¬ 
tural resemblance to phenethylamine derivatives and exhibiting analgetic 
activity have been described in Chapter XI. Attention should be drawn 

“6 Fellows and Ullyot, Abstracts, First Natl. Medicinal Chem. Symposium, Am. 
Chem. Soc., Ann Arbor, Mich., 1948. 

Goetzl, Burrell, and Ivy, Proc. Soc. Exptl. Biol. Med., 55, 248 (19 ). 

Dodds, Lawson, and Williams, Nature, 151, 614 (1943); Proc, Roy. Soc. (London) 

B132, 119 (1944). 
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here only to products derived from Q:,/3-diphen3deth3damine (CfiTIsCII- 
(NH2)CH2C6H5) and a,/3-diphen3dethanolamine (C 6 H 6 CII(Nri 2 )CIIOI[- 
CeHs) viuch relieve pain in cancer patients."’ These compounds may 
be regarded as derivatives of phenethylamine and phonylcthanolamine 
containing an aromatic nucleus in place of the more widel 3 ’’ tried alk 3 d 


branching as shown in 4 able V. This table also lists a few derivatives 
said to exert weak to marked analgetic action in lal>oratoi'y animals. 

Fellows and l' 113 'Ot"® have prepared a large numi)er of derivatives 
of phenethylamines substituted, both in tiie ring and the side chain, with 
on the whole the conventional groups (simple alkyls, Oil, OR etc.) and 
tested them for analgetic activity. A few of these materials exhiliiting 
marked effects in the cat are listed in Taide VI. None of tliem have at¬ 
tained therapeutic significance i>ut they offer food for thought about the 
pharmacological overlapping of discrete cliemical structures. Perhaps the 
most interesting feature of this series ma 3 ’ be found in the increasing 
activit 3 ' exhibited b 3 ’’ a-branclied-chain amines in which the amino group 
is separated from tlie nucleus by more tlian two carbon atoms. 2-Amino- 
4-phenylbutane (C6lT5(Cir2)2C'II(C’IU)NH2) is more active than amphet¬ 
amine, and activity reaches a peak in ‘2-amino-5-phenylpcntano (CVJI.r 
(Cn2)3ClI(CII;0Nn2). a neurotoxic action is the onlv side-effect which 
stands in the way of therapeutic u.sefulness of this drug. Tlie next homo¬ 
log, 2-amino-()-phcnylliexane is much less 

active. 

A transition from pressor to local anesthetic activity is readih' found 
if the alcoholic hydroxyl grcnip of phen 3 'lethanolamines is benzoylaterl. 
For instance, l-phcnyl-l-benzoyloxy-2-diethylaminopropane (XIX-84) is 

the local anesthetic Allocaine. It has no longer vasoconstrictor activit 3 '."® 


CII3 

I 

C6H5CnCHN(C2ll6)2 

OCOC6H5 

(XIX-84) 

IX. PHYSICAL PROPERTIES AND SYMPATHOMIMETIC 

ACTIVITY 


Only few studies correlating ph 3 ’sical and pharmacological properties 
o adrenergic amines have been reported. It would appear that the 
basicity of these compounds may be proportional to their activity but 
this does not seem to be the case."^ From the tabulation of the data 


lU 

119 


Alles and Knoefel, Arch, intern, pharmacodynamic, 47, 96 (1934). 
Leffler, Spencer, and Burger. J. Am. Chem. Soc., 1951 in press. 
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TABLE VII. Basicity and Pressor Activity of Sympathomimetic 

Amines^’® 


Name 

Formula 

pKb 

ProoQor 

Aotivi^ 

Phenethylamine.. . 

• CaHsCH^CHaNHa 

9.83 

80-250 

Vonedrine. 

, CeH^CHCCHOCHjNHCH, 

9.88 

125 

183 

620 

Amphetamine. 

.C8H5CH2CH(CH,)NH2 

9.77 

250 

200-250 

Pervitin. 

.C6H6CH2CH(CHa)NHCHa 

9.87 

325 

425 

500-1000 

N,N-Dimethylam- 
phetamine. 

.C6H6CH2CH(CHa)N(CH3)2 

9.40 

1000 

Paredrine. 

.4-H0C8H4CH2CH(CH,)NH2 

9.31 

60-100 

Paredrine methyl 
ether. 

.4-CH30CaH4CH2CH(CH,)NH2 

9.53 

3000 

(— )-Ephedrine. 

.C,HsCHOHCHCCH3)NHCH3 

9.58 

143-333 

Neosynephrine. 

3 -HOC 6 H 4 CHOHCHJNHCH 3 

8.86 

250 

6-10 

A 

Sympatol. 

. 4-HOCeH4CHOHCH2NHCH3 

8.90 

25-100 

Isuprel. 

.3,4-(H0)2C6H3CH0HCH2NHCH(CH3)2 

8.57 

94 

118 

Depressor 

Cobefrine. 

,3,4-(HO)2C6H3CHOHCH(CH,)NHj 

8.45 

4 

K 

Butanefrine. 

.3,4-(HO)2C6H3CHOHCH(C2Hfi)NH2 

8.42 

u 

12 

Depressor 

l-Cyclohexyl-2- 
aminopropane. . . 

. .C6H,iCH2CH(CH3)NH2 

10.14 

200 

Benzedrex. 

. C6H,iCH2CH(CH,)NHCH3 

10.52 

333-500 


TABLE VIII. Basicity and Dipole Moment^®® 


Compound 

pKb 

Dipole Moment 
in Dioxane, 
Debye Unite 


CeHsCHaCHaNHa 

9.83 

1.243 


C6HaCH2CH(CH3)NH2 

9.77 

1.061 


p-HOCfiH4CH2CH(CH3)NH2 

9.31 

2.184 


p-HOCeH^CHOHCHjNHCH, 

9.90 

5.687 

__ — 


Geary and Miller, J. Electrochem. Soc., 97, 64 (1950). 
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(Table VIII) it can be seen that the basicities are predictable on the basis 
of the structure of the compounds. The amines without an oxygen func¬ 
tion are more basic than the amino alcohols, and the latter again are more 
basic than phenolic derivatives. Two phenolic hydroxyls depress the 
pKb further. 

There appears to be a trend toward increased pressor activity as 
basicity declines, but on the basis of structure alone one would expect that 
a compound such as Neosynephrine would have high activity. 

In the series S 3 '^mpatol, Neosynephrine and epinephrine a correlation 
between basicity and activity is observed, but in other similar series, no 
such regularity is noted. The few dipole moment values available indicate 
that low basicity in sympathomimetic amines corresponds to high dipole 
moment. 



CHAPTER XX 


Adrenergic Blocking Agents 


Drugs which block adrenergic stimulation of muscles and glands have 
become known as adrenolytic and sympatholytic agents. They do not 
prevent the release of the sympathetic nervous chemical mediators but 
they interfere peripherally with the effect of sympathin or block autonomic 
ganglia (“adrenergic blockade”). The main types of compounds which can 
accomplish these actions are the ergot alkaloids, ergotoxine and ergotamine, 
certain basic derivatives of benzodioxane, the drug Priscoline, and the beta- 
chloroethylamines exemplified by Dibenamine. 

There still exists a considerable lack of unanimity of opinion among 
pharmacologists about the duality of sympathetic blockade. Some block¬ 
ing agents appear to be specifically directed against the effects of epineph¬ 
rine while others counteract also the more diffuse effects of (electrical) 
sympathetic stimulation.^ Much controversy in the pharmacological lit¬ 
erature has centered around these phenomena. It appears, at the time of 
this writing, that more fundamental knowledge concerning the transmission 
of sympathetic impulses will have to be gained before the terms adrenolytic 
and sympatholytic will assume a more discretely defined meaning. The 
recent discovery of the duality of the natural sympathetic mediator— 
epinephrine plus norepinephrine—will contribute to clarify these questions. 

I. THE ERGOT ALKALOIDS 

The dark parasitic fungus ergot {Claviceps purpurea) grows on rye 
particularly during humid summers and has been known to countless 
civilizations. Before the high toxicity of the material was appreciated, 
the diseased grain caused veritable epidemics of ergotism expressed by 
burning sensations and gangrene in the e.xtremities, abortions and convul¬ 
sions. Under the names of Holy Fire or St. Anthony’s fire, ergot poisoning 
plagued whole populations in all parts of the earth 

Ergot contains an unusually large number of pharmocodynamically 
active substances. One group comprises about ten alkaloids which are 

* Yonkman, Stilwell, and Jeremias, J. Pharmacol. Expll. Therap., 81, 111 (1944). 

Nickerson, ibid., 95, 27 (1949). 

* Barger, Ergot and Ergotism. Guerney and Jackson, Edinburgh, 1931. 
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regarded as five pairs of optical isomers. Of these, thi'ce levorotatory com¬ 
pounds possess the uterus-contracting and other \'a!uable properties of 
ergot. Besides, ergot contains various primary amines, especially hista¬ 
mine, isoamylamine and tyrosine, as well as the quaternary ammonium 
bases, choline and acet 3 dcholine. It is not surprising that the fungus with 
all its self-contradictoiy drugs has been an intriguing material foi' pharma¬ 
cological research. 

The three pharmacodynamically most valuable ergot alkaloids, ergo- 
toxine (XX-1), ergotamine (XX-2) and ergonovinc (XX-3) are amides or 
peptides of a common parent c(jmpound, lysergic acid (XX-4). The struc¬ 
ture of lysergic acid has been deduced from degradation reactions, and 
5,10-dihydrolysergic acid has been synthesized.^ The structure of ergono- 
vine and its d-isomer, ergometrinine has been recognized as 2-(l-hydroxy- 
propyl) lysergamide. The other drugs, ergotamine and cigotoxine, are 
peptides of which the sequence and internal arrangement of tlie peptide 


CH, 


8 


CHCOR 


CHaNc 


CH 


6 10 

cil=c 

(4)CH2 

\ 


11 


3 


^ 1 . 



13 


H 


14 


(XX-4): R = on 

(XX-3); R = NHCn(CH3)CH20H 

CHz—CHj 

CII(CH3)2 CH2 CIICO 
(XX-1): R = NHC-CO-NH 

I I 

O-COCHCH2C6H6 

CH2—CH2 

CH 3 CII 2 CHCO 
(XX- 2 ): R = NH<i—CO—NH 

A I 

O-COCHCH2C6H6 

^ Ulilo ;ind Jacobs, J. Org. C’hcm., 10, 76 (1945). 
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groups has not yet been ascertained. A recent short review of the chem¬ 
istry of this series has been presented by Stoll.'* 

The structure of the simplest peptide-like derivative of lysergic acid, 
crgonovine, can be imitated readily in semisynthetic analogs. They are ob¬ 
tained by treating lysergyl chloride with the corresponding amines or 
amino alcohols. The most active of these compounds is methergine (XX-5, 
R =: NHCH(C2H6)CH20H) which is about thirty per cent more potent 
than ergonovine and can be used orally as an oxytocic.® 

Hydrogenation of the 5,10-double bond in the lysergic moiety of the 
ergot bases produces some potent and, sometimes, less toxic dihydro deriva¬ 
tives. This holds only for the polypeptide-type compounds while the 
simple alkaloidal derivative (dihydroergonovine) is almost ^vithout effect. 
Unfortunately dihydro derivatives retain much of the centrally stimulating 
action, and excite especially the emetic center. 

Using the seminal vesicle of an adult guinea pig for assaying the ability 
of the drugs to prevent contraction provoked by a 1 x 10~® solution of 
epinephrine, the following sympatholytic activities were observed.® 

Ergotamine = 1 Dihydroergotamine = 7 

Ergocornine = 2 Dihydroergocornine = 25 

Ergocristine = 4 Dihydroergocristine = 35 

The pharmacological action of ergotoxine and ergotamine may be 
circumscribed by their ability to inhibit, and block all responses to the 
stimulation of adrenergic nerves, but large doses may lead to a rise in blood 
pressure. Ergonovine, on the other hand, is not a true sympatholytic 
drug, but overlaps in some of its reactions with adrenergic amines. It pro¬ 
duces mydriasis in the rabbit’s eye, constricts blood vessels and relaxes 
isolated strips of gut. However, it does not raise the blood pressure of 
anesthetized laboratory animals. 

Ergot alkaloids are also used in obstetrical practice as uterine 
contractants (oxytocics) to induce labor and control uterine hemorrhages. 
They are often administered as soluble salts of organic acids such as tartrates, 
ethanesulfonates, etc. 

Ergonovine elicits the most rapid response. It is well absorbed from 
the gastro-intestinal tract and is therefore active when given by mouth. 
The absence of multiple peptide linkages in its formula may account for 

this stability. 

Ergotamine, and especially its 5,10-dihydro derivative, dihydroergo¬ 
tamine, as well as dihydroergocornine are probably the most effective rugs 

* Stoll, Experienlia, 1, 250 (1945). 

6 Bachbauer, Geburtshilfe und Frauenheilkunde, 6, 278 (1944). 

® Brugger, Helv. Physiol, el Pharmacol. Acta, 3, 117 (1945). 



ADRENERGIC BLOCKING AGENTS 


353 


known for the symptomatic relief of migraine headaches. Pain in tliis con¬ 
dition is due to cranial vasodilation following vasoconstriction None 
of the theories which attempt to arrive at a pharmacological explanati{>n of 
the therapeutic activity of crgotamine in this condition ha\'e been satis¬ 
factory. Ergonovine is mucli less relial)le than crgotamine.' None of the 
alkaloids can be used propliyhictically becau.se they produce symptoms of 
cumulati\'e toxicity identical with the historic ergotism. 


II. YOHIMBINE 

Yohimbine is the best-known alkaloid obtainable by extraction of 
the tropical yohimbeh^ or quebracho barks. Its molecular composition 
C 21 H 26 N 2 O 3 has been resolved to the formula (XX- 6 ) through the re¬ 
searches of Barger, of Scholz and of Witkop.* 

Yohimbine possesses a variety of i>harmacodynamic properties ranging 
from vasodilator and respiratory stimulant to local ane.sthetic actions. Its 
vasodilator activity is particularly pronounced in the blood ^-essels of the 
genital organs which, under its influence, are perfused by unusuall 3 ’' large 
amounts of blood and are thereby stimulated. The alkaloid has therefore 
been used as an aphrodisiac. It al.so reverses the actions of epinephrine 
and was one of the first drugs to be studied as a symi>atholytic. 

Because of its high systemic toxicity and its diversified actions which 
appear as unwanted side-effects wiien yohimbine is administered for a special 
purpose, the alkaloid is no longer u.sed in medicine. A study of its con¬ 
geners and derivatives in regard to their sympatholytic activity may be 
found in Henry’s treatise.® 



CXX-6) 

M:ircussen and Wolff. Arch. Neurol. Psychiatry, 63. 42 (1950) 

Ma^inan. 

« Henry, The Plant Alkaloids, 4th ed. Blakiston, Philadelphia, 1949, p. 500. 
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III. AMINOALKYL ARYL ETHERS 


1. The Early French Drugs 

During their general screening programs for compounds of oxytocic 
character, several investigators had noticed uterus-relaxant properties in 
several series not related to the ergot alkaloids. Two aminoalkyl phenyl 
ethers, Gravitol (XX-7) and Tastromine (XX- 8 ) were singled out as 
promising examples which appeared to provide a new lead in this field.® 


0CH2CH2N(C2H6)2 


CH2 = CHCH2 


/V 


OCH3 


(XX-7) 


(CH3)2CH^ 




0CH2CH2N(CH3)2 


CH 


(XX- 8 ) 


This hope was fully realized in the work of Fourneau, Bovet, Staub and 
their associates at the Pasteur Institute. It led to more potent adrenergic 
blocking agents and provided the entering wedge into the field of anti- 
histaminics^® (Chapter XXIV). 

The immediate outcome of these studies was the synthesis of adreno¬ 
lytic aminoalkyl benzodioxane derivatives (XX-9) which could be evaluated 
experimentally in human diseases although their high toxicity was pro¬ 
hibitive for general therapeutic usage. One of them, 2 -piperidinomethyl- 
1 , 4 -benzodioxane (XX-9, NR 2 =* NC 5 H 11 ) is indicated in Ra^maud’s dis- 




CHCH 2 NR 2 

CH2 


(XX-9) 


ease“ and sclerodermia, and the corresponding diethylamino derivative 
(NR 2 = N(C 2 H 6 ) 2 , Prosympal) has good sedative properties in angina 

pectoris. 

Some structural variations involving the replacement of the benzo¬ 
dioxane system by benzoxazine, quinoxaline, benzothiazine and benzoxazole 

9 Anan, Folia Pharmacol. Japan., 9, 53 (1929); Ber. ges. Physiol., 53, 430 (1930). 

»» Fourneau, Maderni, and Lestrange, J. pharm. chim., 18, 185 (1933). 

» Bovet and Simon, Compt. rend. soc. biol., 117, 1011 (1934). Chem. 

(1935). Sterne, Ann. m^d., 42, 541 (1937). Chem. Abstr., 32, 1403 (1938). 
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were studied by Bovet.^^ The compounds were vasodepressors, and most 
of them were sjnnpatholytics. Their formulas and names arc listed below. 




0 


CIICH2N(C2ll6)2 


c 

H 


2-DiethyIaminomethylcouma- 


ran 


CIICB2N(C2H5)2 

CHo 

3-Diethylaminomethylbenzo 

morpholine 




O 




CII3 

\l 

CCIl2N(C2ll5)2 


o 


l-Dimethylamino-2-(o-phen 

ylenedioxjOpi’opane 


NPI 


CIICH2N(C2H5)2 

CIU 


NH 


2-Diethylaminometh3d-l,2,3,4 

tetrahydroquinoxaline 




\ 


O 


CnCIl2N(C2ll5)2 

CH2 


s 


2-Diethylaminomethylbcnzo- 

thioxane 




S 


CIICIl2N(C2ll6)2 

CIU 





H 

2-DiethylaminomethyI-2,3 

dihydrobeiizothiazirie 


I'hroughout the series of sympatholytic ethers, inercased aritiadrenei'gic 
properties are usually accompanied by increas(Ml toxicity. Most of the 
compounds are hypotensive, but exceptions to this rule are numerous, and 
no definite predictions about their vasopres.sor (lualities can be made.’ 

2. Antifibrillants 

In a general way, sympatholytic drugs diminish excitability, particu¬ 
larly of the heart muscle. This suggests their use as antifibrillants which 
could counteract the irregular heart rhythm known as ventricular fibrillation. 

an,n,ov.., .. Pnar,.. CUn., (8) L. (1035); 
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A series of basic alkyl biphenyl ethers has been tested in this condition, and 
2-/3-diethylaminoethoxybiphenyl (Dacorene, XX-10) has been found to 
possess desirable antifibrillant properties.^^ 

_CeH^ 

<^^^^0CH2CH2N(C2H6)2 

(XX-10) 

Other compounds which have shown promise as antifibrillants are the 
fagarins, alkaloids from the South American plant, Fagaro coco (Gill) 
Engl.‘^ Several analogs of the antispasmodic drug Sestrone (XXIII-31) 
have also been tested. 


IV. 2-BENZYLIMIDAZOLINE (PRISCOLINE) 


The same overlapping of vasoconstrictive and vasodilatory properties 
is observed in the series of aralkylimidazolines. It will be remembered 
that Privine, 2-(a-naphthylmethyl)imidazoline, is an excellent vasocon¬ 
strictor of low toxicity (XIX-59). The analogous 2-benzylimidazoIine 
(XIX-57) has the opposite effect; it is a useful though not highly specific 
vasodilator. Introduced under the names of Benzazoline or Priscoline, it 
is, in larger doses, a good non-toxic sympathetic blocking agent of short 
duration of action. It also relieves angiospasm (spasm of thoracic blood 
vessels, angina pectoris), and has been used in Buerger’s and Raynaud’s 
disease, in ulcers caused by poor circulation, and in other diseases which 
can be traced to insufficient flow of blood due to vasoconstriction. It also 
relieves pain and spasms in acute anterior poliomyelitis.^® 

NHa NH 

y 2fin- / \CH2C6H6 

CH 2 + H02C(CH2)2C6H5 ^ CH 2 |1 

C:H2—NH 2 


CH 2 —N 

(XIX-57) 


Priscoline is synthesized by heating ethylenediamine and beta-phenyl- 
propionic acid according to the preceding scheme.*® N*-MethyIpriscoline 
is a vasopressor which stimulates sympathetic ganglia. 

•3 Bovet, Fourneau, Tr^fouel, and Strickler, Arch. int. Pharmacodynamie, 62, 234 


(1939). 

Deulofeu, Labriola, and Langhe, J. Am. Chem. Soc., 64, 2326 

Smith, Graubard, Goldstein, and Bikoff. N. Y. State J. Med., 48, 2608 (1948). 

** Scholz, Ind. Eng. Chem., 37, 120 (1945). 

Gowdey, Brit. J. Pharm. Chemoiherap., 3, 254 (1948). 
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Another potent adrenergic blocking agent containing the imidazoline 
ring has recently been announced.^^ This compound, 2[N-p'-tolyl-N-(m'- 
hydroxyphenyDaminomethylimidazoline (XX-11) can also l)e regarded as a 
diphenylamine derivative not entirely unrelated to certain antihistaminic 
drugs. 


N-CH 


CI-I 3 


^ ^nch. 


CH 


NH 


(XX-II) 


OH 


V. ^-CHLOROETHYLAMINES 


The most interesting development in sympatholylics grew out of 
tlie chance observation that /3-chloroethyl-dibenzylamine hydrochloride 
(C1CH2CH2N(CH2C6H6)2 TICl, Dibenamine) j)roduces complete adrenergic 
blockade in laboratory animals.'® The compound, first prepared by Gump 
in the course of some unrelated work on ((uatcrnaiy ammonium salt anti¬ 
septics, is quantitatively less sympatholytic than the ergot alkaloids, 
yohimbine or the aminomethyl bcnzodioxane derivatives discussed above, 
but the long duration of its effect as well as the overall blocking of sympa- 
tlietic stimulation have encouraged extensive studies of Dibenamine. The 
drug is not the most potent and least toxic among many analogs but has 
given a picture of the potential usefulness of this series. 

Among the clinical conditions benefited by Dibenamine are the many 
symptoms and diseases wliich are caused by over-excitement by hormonal 
Adrenalin. Vasoconstriction, often resulting in diminished flow of blood 
m the extremities with an accompanying feeling of cold and occasional 
gangrene in these organs, is effectively combatted by sympatliolytic drugs. 
Dibenamine, combined with warming-up of frozen limbs, provides the best 
treatment for frostbite yet discovered. Raynaud's disease, symptomized 
by painful discoloration of the skin, is ordinarily treated by removing sec¬ 
tions of the sympathetic system innervating the afflicted areas. Diben¬ 
amine approaches in its effects this radical surgical procedure. Sclero¬ 
derma and thrombophlebitis are similar conditions benefited by this drug; 


fNarren, Woodbury, and Trapold, Federation Proc., 8, 343 (1949). 

Nickerson and Goodman, Federation Proc., 5, 194 (1946); J. Pharmacol 
Tkerap., 89, 167 (1947). 


Expll. 
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cerebral vascular spasms, which lead to a pathological deficiency of blood 
in the brain and thereby inhibit the active respiration of this organ, are 
relieved by relaxation of the blood vessels under the anti-adrenergic effect of 
the drug. It has also been tried to reduce intraocular pressure in glaucoma. 

Although Dibenamine does not antagonize stimulation of the heart by 
epinephrine, it does prevent fibrillation, that is, irregular cardiac action 
often encountered for instance after cyclopropane anesthesia. In the field 
of psychiatry, Dibenamine helps to overcome anxiety states caused by 
excess adrenergic compounds, especially Adrenalin, in the circulation. 

Dibenamine (XX-12) is synthesized from dibenzylamine and ethylene 
chlorohydrin, followed by conversion of the amino alcohol (XX-13) to the 
chloride hydrochloride with thionyl chloride. 


(C 6 H 6 CH 2 ) 2 NH + CICH 2 CH 2 OH ^ (C6H6CH2)2NCH2CH20H 

(XX-13) 

^ (C6H5CH2)2NHCH2CH2C1-C1- 

(XX-12) 


It is stable as the salt only; the free base soon undergoes intramolecular 
cyclization with formation of an ethyleneiminium ion (XX-14). 


CH 2 


/ \ 

R 2 N CH 2 

/ 




(XX-14) 


The rate of cyclization in such compounds depends on the nature of the 
alkyl substituents. It was thought, at first, that the sympatholytic activity 
of Dibenamine analogs maybe related tothisrate. However, no relation of 
ethyleneiminium ion concentration to activity could be elaborated. 

The chemical role of ethyleneiminium ions is well understood; the ions 
act as alkylating agents for many types of reactive compounds. With 
water, for instance, the strained ring is hydrolyzed, and arainoalcohols are 

obtained. 


CH2 

R 2 N 

X 

CH 2 



HOH 
-> 


RzNCHjCaOH-HCl 


This reaction may well be the cause of inactivation in vivo. Most of 
the chloroethyldialkylamines are active only on intravenous injection but 
inactive, or barely active oraUy. It is perhaps the persistance of some ot 
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the cyclic ions, determined by the alkyl substituents, which causes the 
occasionally observed oral activity. 

It is idle to speculate what the exact m vivo physiolofrical reaction of 
dibenzyl-/3-chloroethylamine may be. It has been shown in vitro that its 
antagonistic eflect on Adrenalin is not due to direct interaction with the 
pressor hormone. There is no reason to assume tliat thei-e would be a 
direct reaction between the two substances in vivo. 'J'he drug—or its 
analogs arc undoubtedly transfoi'ined to the cyclic ions in the animal, and 
these ions may alkylate sulfhydryl groups, amino groups etc. of proteins 
or enzymes at the receptor organs to stable compounds, thus changing 
their susceptibility to epinephrine. As a matter of dehnition, any selective 
alkylating agent for proteinogenous groups may act as a sympatholytic 
agent, provided its pharmacological properties (solubility, absorption, dis¬ 
tribution, excretion, toxicity, etc.) make it suitable as a drug. It should 
be observed that there is an unmistakable similarity in tlie “steric fitting” 
at the place of action l)etween dibenzyl-ethyleneiminium ions (XX-15), the 
esters of dil)enzyl acetic acid, (XX-IG), and the antiliistaminic agents of 
the benzhydryl (XX-17) or l>enzylaniline types (XX-18) which all antago¬ 
nize, fundamentally, two spasmogenic agents, acetylclioline and histamine. 

CcIUCIIa CII 2 


N' 


C6II5CII2 Clla 

(XX-15) 

CcHsCIT CH 


CcHsCTI. 

\ 

X 


CirC(JO(Cdl2)„NR 


ChlhClU 

(XX-IG) 

CeIR O—CH 


N 


Aryl 


CH 


CH 


CH 


CeHs 


R 2 N' 


R 2 N 

(XX-18) 


(XX-17) 

There have been numerous modifications of the f!ibenzvl-/3-chloroetiivl- 
amme structure and some of the compounds in this series point to the 
possibility tliat drugs of considerably higher potency, and of lower toxicity 
than Dibenamine may bo expected to be introduced into therapy. 

Activity depends on the presence of a /3-chloroethylamino group with 
a tei lary amine nitrogen substituted by suitable aralkyl groups. d-Chloro- 
ethy -benzylamine (CeH.CH.NHCH.CH.Cl) is inactive, as is dibenzyl- 
ethylaminc ((CeHsCHjfjNX'rH.) and, significantly, dibenzyl-y-chloropro- 
pylamme ((CeH.CHd.NCyCH.CH.Cl), The latter is apparently unable 
of being cychzed to unstable iminium ions. 
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When one of the benzyl groups of Dibenamine is replaced by phenethyl 
(XX-19), activity is affected adversely. However, branching of the phen¬ 
ethyl group not only restores but increases sympatholytic properties 
(XX-20). Substitution of the aromatic ring of the phenylisopropyl group 
by phenolic hydroxyl, or by methoxyl groups brings about a very pro¬ 
nounced rise in potency, and even oral activity.^® 

C 6 H 5 CH 2 NCH 2 CH 2 CI C 6 H 5 CH 2 NCH 2 CH 2 CI 

C6H6CH2CH2 CeHBCHaCH 

CH3 

(XX-19) (XX-20) 


The methods for the preparation of these compounds employ the 
reductive amination of benzyl alkyl ketones with ethanolamine, treatment 
of the secondary-amino alcohol (XX-21) with alkyl halides, and conversion 
of the tertiary-amino alcohol (XX-22) to the chloride (XX-23) by means of 
thionyl chloride. 


ArCH 2 COR -|- H 2 NCH 2 CH 2 OH 


H* 


Pt 


^ ArCHsCHNHCHgCHaOH 


R 


(XX.21) 


RX 


^ ArCH2CHRNR'CH2CH20H 
(XX-22) 


SOCI 2 


> ArCHaCHRNR'CHzCHiCl 


(XX-23) 

Alternately, the benzal derivative of Benzedrine (XX-24) can be reduced to 
the corresponding benzyl compound (XX-25) which is then treated with 
ethylene bromohydrin to give the amino alcohol (XX-26). 

C6HbCH2CPI(CH3)N=CHC6H6 ^ C6H6CH2CH(CH3)NHCH2C6H5 

(XX-24) (XX-25) 

BrCH^CH^OH ^ Q^JJ 5 CH 2 CH(CH 3 )NCH 2 C 6 H 6 

CH 2 CH 2 OH 
(XX-26) 

Kerwin, Herdegen, Heisler, and Ullyot, Abstracts, U 6 th Meeting, Am. Chem^ Soc., 
Atlantic City, N. J., Sept. 1949, p. 231. Ullyot, Kerwin, 

Federation Proc., 8 , 340 (1949); Kerivin, Ullyot ei al.. Abstracts, 118th Meeting, 
Am, Chem. Soc., Chicago, Sept. 6 , 1950, p. 26M. 


19 
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N-Ethyl-N-(/3-chloroethyl)-9-fluorenylarnine (XX-27) was ten times 
as active as Dibenamine and less toxic.-® As can he seen from its formula, 
the compound contains a combination of the two benzyl groups in a cyclic 
benzhydryl group; the amine is tertiary Imt the large fluorenyl radical is 

C 2 H 5 NCH 2 CH 2 CI 

CH 


(XX-27) 

compensated by the small etliy! group; larger alkyl groups in the same 
molecular arrangement decrease activity. A corresponding benzhytlryl 
compound, N-ethyl-N-( 2 -cliloroethy] )-l)enzhydrylamine 
[(C 6 H 6 ) 2 CHN(C 2 H 6 )CIl 2 CH 2 C’ll is similar to Dibenamine in potenc}^ dura¬ 
tion and specificity. Its toxicity is low, and it has little antihistaminic 
activity. 2 - 

The a-naphthylmethyl-(XX-28), benzyl-(XX-29), 9-phenanthryl-(XX- 

30), and the />- and ?«-xenoxyethyI-[(XX-31,) and (XX-32}] derivatives 
have been tested with wide variations in the alkyl group U. Some of 
these compounds exhibit both adrenolytic and antihistaminic properties-^ 
on oral administration. 


CH 2 NRCH 2 CII 2 CI 


(XX.28) 


C6II6CII2NRCH2CH2CI 


(XX-20) 







'NRCH2CH2C1 

(XX-30) 

" '^UHvn; "f'r* r*"' ^2, QIO (1950). Kenvln, 

T>- Macko, Federation Proc., 8, 308 (1949) 

SoiTV? Coleman. Abstracts, Meeting, Am. Ghem. Soc., New York, 

hnih’ Fleming. U. S. Pat. 2,495,772 (1950). Aschen- 

bach and Loew, federation Proc., 6, 304 (1047) 

“ Loew, Aechenbach, and Micetich, J. Pharmacol. Exptl. Thcrap., 97, 441 (1949). 
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CeHs 


^0CH2CH2NRCH2CH2C1 

(XX-31) 

^ ^0CH2CH2NRCH2CH2C1 

(XX-32) 


The o-xenoxyethyl compound (XX-33) has pointed again to the 
potentialities of the aminoalkyl aryl ether stnicture in sympatholytic 
research 


f^OCH2CH2NCH2CH2Cl 

C2H5 

(XX-33) 


CH2 CH2NHCH2 CH2 Cl 

I • Cl- 

CHaCfiHfi 

(XX-34) 


Similar compounds combining these features with the benzylamine gi'oup 
encountered in Dibenamine have been reported recently,*® the least toxic 
and at the same time most potent adrenergic blocking agent being repre¬ 
sented by formula (XX-34, R=CH3, C 2 H 6 , CH(CH3)2)- 

The o-benzylphenoxy derivative (XX-35) is orally active and a good 
adrenergic blocker, but inevitably causes nausea.*^ 

0CH2CH2N(C2H6)CH2CH2C1 

CeHe 

(XX-35) 

Gump and Nikawitz, ^6s/racis, Meeting, Am. Chein. Soc., Atlantic City, N. J., 
September, 1949, p. 221. 

Henderson and Chen, Federation Proc., 8, 301 (1949). 
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Parasympathetic Stimulants 


I. ACETYLCHOLINE 

An extii'pated involuntary muscle liberates, under proper experimental 
conditions, a substance which Loewi called vagus substance.* The per¬ 
fusion liquid containing this material reproduces the effects of parasympa¬ 
thetic stimulation in another similar muscle (frog or mammalian heart) 
when such an organ is immersed in it. 

The nature of the vagus substance suggested itself on the basis of 
earlier studies of Hunt" arul of Eale.^ Adrenal extracts from wliich 
epinephrine has been removed cause a fall in blood pressure, and Hunt 
identified clioline in these extracts. He suggesteil tliat a readily hydro¬ 
lyzable ester of choline might he the vasodepressor agent, and called 
attention to the fact that injected acetylcholine was 100,000 times more 
active than choline. Dale observed that acetylcholine mimicked the 
effects of stimulation of tlu; parasympathetic nervous system. He called 
acetylcholine therefore a parasympathomimetic agent. 

Identification of acetylcholine (CHAH)(X'H,CTLN+(CTl 3 ) 3 -OH-) as 
the vagus substance or “p^iriisympathin’' rested on both chemical and 
physiological tests such as the quick hydrolysis in alkaline solution, the 
stability of acetylcholine to hot dilute acids, and the blocking effect of 
certain alkaloids on some phases of the physiological activity of acetyl¬ 
choline. All these tests ga\e identical results with “parasympathin.” 

Acetylcholine is hydrolyzed rapidly to acetic acid and to the pharma¬ 
cologically almost inert choline (H()CH 2 C’ILN+(C’II:() 3 ()H-) under the 
influence of the enzymes of the cholinesterase group which are widely dis¬ 
tributed m the tissues. There are probably many cholinesterases. ()ne of 
them, pseudocholinesterase, has been .separated cataphoretically.* The 
i-ate of hydrolysis of acetylcholine is so \'cry high that it can explain the 
extremely rapid destruction of the ester as it is released by nervous im- 

‘ Loewi, Arch. gcs. Physiol., 189, 2.39 (1921). 

’Dale, J. Pharmacol. Exptl. Therap., 6, 147 (1914) 

< Augustinsson, Nature, 156, 303 (1945). 
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pulses. The amount of cholinesterase present in one autonomic ganglion 
has been calculated to be able to hydrolyze 2 x lO*^ molecules of acetyl¬ 
choline in one thousandth of one second.® Obviously, acetylcholine must 
exist in the tissues in an inactive, insoluble and nonhydrolyzable form 
which is converted to the labile hydrolyzable substance by a nervous im¬ 
pulse. The nature of the inert precursor is not clear; it may be that the 
quaternary ammonium group is linked firmly to an insolubilizing proton 
acceptor of the cell chemicals. It is now reasonably certain that liberation 
of acetylcholine is followed by liberation of potassium ions at the nervous 
synapse. 

When acetylcholine is released by preganglionic nerve fibers, it stimu¬ 
lates ganglion cells in high dilutions and then paralyzes them at higher con¬ 
centrations. The highly toxic, and therefore therapeutically useless tobacco 
alkaloid nicotine blocks these effects. The excitation of nervous ganglia and 
also of (voluntary) skeletal muscles by acetylcholine has often been referred 
to as its nicotinic action. Part of the nicotinic action of acetylcholine is 
abolished, in turn, by the active alkaloids of the South American arrow 
poison curare, which paralyze voluntary muscles and thereby block their 
stimulation by acetylcholine. 

The paralyzing component of acetylcholine action on smooth muscles 
and glands can be imitated by the alkaloid muscarine. This compound 
occurs in the poisonous mushroom Amanita muscaria together with choline 
to which it bears a certain structural resemblance. Muscarine is most 
probably 2-hydroxy\’aleraldchyde-3-trimcthylammonium hydroxide® (XXI- 
1, OCHCIIOHCH(C2H5)X+(CH3)3 ()n-). 

Both acetylcholine and muscarine produce experimental spasm of 
surviving extirpated muscles. Drugs which counteract this paralysis, 
atropine and the antispasmodics, are said to block the muscarinic action of 
acetylcholine. Vice versa, mushroom poisoning caused by muscarine can 

be treated successfully with atropine. 

The energy necessary for the transmission of the nervous impulse is 
produced by a reaction of acetylcholine with phosphocreatine. This re¬ 
action is catalyzed by an enzyme which competes with cholinesterase for 
acetylcholine. This relationship ties in the fate of acetylcholine with 
glucose metabolism.'^ 

The organ most .sensitive to acetylcholine is the isolated heart of 
Venus mercenaria which is stimulated at the unique dilution of 1.15 
billions. 

^Nachmansohn and Marnay, J. Physiol., 92, 37 (1938). Nachmansohn, Yale J. 

Biol. Med., 12, 565 (1940). , , , ,, 

«K6gl, Duisberg, and Erxleben, Ann., 489, 156 (1931). Kogl, Veldstra, and Van 

der Laan, Ann., 552, 1 (1942). 

^ Rapp, Arch. Biochem., 12, 13 (1947). 
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For pharmacological experimentation, and for clinical trials, acetyl¬ 
choline (XXI-2) has been supplied synthetically. Its first synthesis was 
recorded by Ihxeyer;^ the best method now in use utilizes addition of 
trimethylammonium chloride to ethylene oxide, followed 1 ) 3 '^ treatment of 
the resulting choline salt with acetic anhydride. The drug is used as the 
chloride or bromide. 

CH 2 —CHa + H0CH2CH2N(CH3)3.C1- 

\ / 

O 

—CH3C00CH2CH2N(CH3)3C1- 

(XXI-2) 

Theactivities of acetylcholine whichcould become useful clinically are of 
such short duration that acetylcholine has had little chance as a valuable 
therapeutic agent. It is too rapidly remo\-ed hydrol 3 dically by cholines¬ 
terase. However, its ability to stimulate deficient paras 3 ^mpathetic body 
structures to normal levels of functioning, is a highly desirable property 
in the treatment of diseases of cholinergic nerves, e.g., the severe muscular 
collapse called mya.sthenia gravis. Therefore, many esters having .struc¬ 
tures similar to acct 3 'lcholine have been synthesized in the hope that they 
would not be attacked so rapidl 3 ' b 3 ' cholinesterase. Among these, a few 
have been found so stable that the}' can c\'en be gi\ en orall}'. 

1. Structural Variations 

A steady overlapping of the three t 3 'pes of activity of the parent 
compound of the series, choline, is encountered as one alters the structure of 
some of its derivatives. It is not ea-S}' to predict which of the properties 
will be brought to the fore by a given structural change. 

a. Choline 

Choline [H 0 CH 2 CH 2 N‘'‘(CH 3 ) 30 H“] itself is only weakly active phar¬ 
macologically, exhibiting barely 0.001 to 0.2% of the manifestations of 
acetylcholine. Nevertheless, choline shares with other quaternary bases 
the ability to excite (nicotinic action), and depress (muscarinic action) 
parasympathetic nerve structures, and to exert, at suitable concentrations, 
curariform activity expressed mainly by a paral 3 ''sis of skeletal muscles. 
The main useful function of choline is found, however, in a different con¬ 
nection. By being incorporated in the lecithins (XXI-3) and being lib¬ 
erated reversibly from them under the influence of the lecithinases, it aids 
in the transport of fatty acids and fats across hydrophilic media and 

* Baeyer, Ann., 142, 322 (1867). 
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CH20C0(large)R 

CHOCO(large)R 

CH20P00(CH2)2N+(CH3)3 

o- 

(XXI-3) 


mcm])ranes. This biochemical function has been utilized in the treatment 
of hepatic diseases with fatty infiltration; the choline removes fat from the 
liver and thereby aids in the recovery of the diseased organ. 

Esterification of choline to acetylcholine proceeds under the influence 
of choline acetylase. This enzyme has been extracted from various animal 
organs. It is a member of an enzyme system which includes adenosine 
ti'iphosphate (ATP) and phosphocreatine, and shows again the connection 
of the “acetylcholine cycle” with carbohydrate metabolism.^ 


b. Simple Choline Esters and Their Analogs 

'The only analogs of acetylcholine now in clinical use are the halides of 
acetyl-/3-incthylcholine (Mecholin, Mecholyl, XXI-4), carbamylcholine 
(Doryl, T-entin, XXI-5) and Urecholinc (XXI-6). They are either not 
hydrolyzed by cholinesterase or only so slowly that their therapeutic 
manifestations can be utilized before they are destroyed by the enzyme. 
It is doubtful whether they exert their activity by competing with acetyl¬ 
choline for a place on the reactive .surface of choline.sterase. This mecha¬ 
nism distinguishes them from the aromatic carbamates, physostigmine and 
Prostigmin (.see below). IIowe\-er, if the effect of acetylcholine is abolished 
by a parasympatholytic agent (atropine, etc.) these analogs, refractory to 
enzymatic decomposition, may take the place of the hormone and overcome 
the action of the blocking agent. 

CH3CO()C’IToCH(CH3)N+(CH3)3C1- 

(XXI-4) 

H2NC()()CH2CH2N+(CH3)3C1- 

(XXI-5) 

H2NC00CH(CH3)CH2N+(CII3)3C1- 

(XXI-6) 

The /3-methylcholine (XXI-7) underlying Mecholyl was synthesized 
by two routes.^® Chloroacetonc and trimethylamine furnished trimethyl- 

® Nachmansohn, Cox, Coates, and Machado, J. Neurophysiol., 6, 383 (1948). 

Major and Cline, J. Am. Chem. Soc., 54, 242 (1932). 
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acetonylammonium chloride (XXI-8) which was reduced over Adams' 
catalyst. Acetylation with acetic anhydride ga\’e the final drug. The 

II.. 


CH3COCPI2CI + (CH3)3N 


CH3CH0HCH2N+(CH3)3CI- 
I (XXI- 7 ) 

CH3CHOIICH2CI + N(CIl3)3 

(XXI- 9 ) 


CIl3COCIf2N+(CH3)3Cl- 
(XXI-8) 

—^ CH3CHCH2N+(CH3)3Cr 

OCOCH3 


(XXI-4) 

second route used the condensation of propylene clilorohj'^drin (XXl-9) 
with trimethylamine, followed by acetylation of tlic basic alcohol. 

Isomers of Mecholyl have also been dc.scribed in the literature. They 
arc prepared trom tlic corresponding (juatei-nary ammonium alcohols with 
acetic anhydride. a-Methylcholine was fir.st synthesized Ijy Karrer" who 
obtained its iodide (XXI-IO) by the action of methyl iodide on the reduc¬ 
tion product (XXI-11) of ethyl N,X-dimethylalaninate (XXI-12). 


CIIaCTICdOCsIIs 


c 113 c 11 c: H 2 o I I 


N(CII3)2 

(XXI-12) 


N(CII.3)2 

(XXI-11) 


CII 3 CIICII 20 II 

N+(CIl3)3l- 

(XXI-10) 


The third isomer, y-homoclioline chloride (XXI-13), is obtained from 
trimethylene chlorohydrine and trimethylamine in benzene solution. 


ClClTCdWdlsOH + N((Tl3)3 


C'l--(CTl3)3N+CIL,CIl2C'II..()H 

(XXI-13) 


Meeholyl has been used in regulating disoi-tlers of the heart rate, espe- 
cially paroxysmal tachycardia, and in patients experiencing spasm of the 
blood vessels of the extremities when theses are exposed to cold, or over- 
agitated in llie course of their occupation (Uaynaud’s disea.se). Meeholyl 
can be administered by the customary routes, orally or subcutaneously, 
but foi local application iontophore.sis has been found effective in ho.spitals 
equipped for this procedure. The actix'e positive ion migrates into the 
tissues when a pad containing the solution of the diaig is placed on the skin 
under tlie cathode of a gaU'anic machine. 

^ arious vascular obstructions (thromboses) are benefited by the vaso¬ 
dilator effects of Meeholyl; specific parasympathomimetic actions of the 
diug lead to the promotion of intestinal and urinary evacuation. 

" Karrcr, Helv. Chim. Acta, 5, 477 (1922). 
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Carbamylcholine (Doryl, Lentin) was studied first by Kreitmair.^^ 
Its aqueous solution is stable on boiling and sterilization. It is said to be 
more effective than Mecholyl in promoting the evacuation of the colon and 
the urinary bladder, but Mecholyl is preferred for its action on the heart. 
Doryl improves muscular tone in myasthenia gravis but Prostigmin (XXI- 
39) remains the drug of choice in this condition. 

Although Doryl is a carbamate like physostigmine or Prostigmin, it does 
not inhibit the enzyme cholinesterase, and takes the place of acetylcholine 
by a mechanism similar to that of Mecholyl. 

Systematic variations of alkyl radicals in esters of choline have not 
furnished consistent leads about the relation of the size and kind of such 
radicals to the pharmacological behavior of cholinergic stimulants. None of 
the esters of simple, or complex acids approach the powerful action of acetyl¬ 
choline.'® Measuring toxicity, and the vasodepressor effect of these com¬ 
pounds, one could generalize that the former increases, and the latter 
decreases as the structures become less similar to that of acetylcholine. 
Forrnylcholine, propionylcholine and butyrylcholine are vasodepressors, 
but with valerylcholine an irregular series of hypertensive compounds 
is reached. Esterification of choline with inorganic acids (nitrocholine, 
() 2 NOCH 2 CH 2 N+(CIl 3 ) 30 H“, the halogcnocholines, XCH2CH2N+(CH3)3- 
OII“) brings about an increase of the muscarinic action of acetylcholine, 
nitrocholine being the most active inorganic ester. 

Alterations of the carbon structure of the aminoalcohol group have to 
be kept within narrow limits. As shown above for Mecholyl, branching of 
the carbon chain with a methyl group makes the compound more refractory 
to enzymatic attack. But if this branching becomes too complicated 
activity is lost. Introduction of hydroxyl groups or of halogen into the 
choline structure or the ester groups, or replacement of the aliphatic acyl by 
aromatic acyl groups, generally reduces the action on blood pressure, and 
occasionally reverses it. If the aliphatic choline structure is relinquished 
in favor of heterocyclic quaternary ammonium compounds, curanform 


activity becomes more pronounced. ^r+rn-u ^ 

Hunt and Renshaw'^ studied ethers of choline, R0CH20H2iM {DHab-- 

OH-, and thioethers,'^ but most of these com¬ 

pounds exhibited only mediocre curariform activity.*® In the light of the 


1* Kreitmair, Arch, exper. Palhol. Pharmakol., 164, 346 (1932). 

>3 Frankel, Die Arzneimiltelsynlhese, 6th Ed. Springer, Berlin, 1927- PP- 336-3 
Hunt and Renshaw, J. Pharmacol. Expll. Therap., 58, 140 (lJ3b). 


Hunt and Renshaw, ibid., 48, 105 (1933). 

Westphal and Hecht, Med. u. Chern., Abhandl. med.-chem. 
I. G. Farbenind., 3, 393 (1936). 


Forschungsstdtlen 
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hypothesis concerning interatomic spacing of muscarinic agents (Sect. V) 
the failure of these experiments becomes understandable, since tJie third 
anchoring group is absent from the ether radicals. 

Parasympathomimetic activitj’’ is letained if the second oxygen func¬ 
tion on the beta-carbon atom is replaced by a \’in 3 d group as shown in 
Esmodyl tXXI-14). This compound was discovered by the chance ob¬ 
servation that the diquaternaiy salt, Endoiodine {XXI-15)*® contained an 
impurity which endowed it with intensive muscarinic activity. The enol 
ether Esmodyl was identified as the active contaminating agent. 

CTl2=C(OCH3K’H,N+(CTl3)a-()II- 

(XXI-14) 

I~(CIl3)3X+CH2CH()IICH,N-'(CIl3)3l- 


Keplacement of tlie alcoholic oxygen atom of choline esters by sulfur 
does not modify ciualitativel}' the activity of tlie latter but weakens it 
(XXI-IG).*’ I'hc siilfonium (XXI-17) and phosjdionium analogs of acehvl- 
choline {XXI-18) are inferior to acct\’lcholine in their vasodej)rossor ef¬ 
fects.*^ 


cn3CX)sc:ii.>cihN+(f'ii3)3-oii 

(XXl-lG) 


('Ii3(’()0(’IIo(’II..S+(CIl3)3-OII 

(XXI-17) 


(’Il3C(>(KTI,('IhP-‘((’ll3)3-OII- 

(XXl-18) 

An example for a partial reversal of acetylcholine activity is 
presented by DibutoHne,*'* the dibutyl carbamate of choline chloride, 
(a-C.4lIfl)2NC-()()C’Il2('II-3X^(CIl3)3(’l". d'his drug exhibits a powerful 
neurotropic action similar io atropine, that is, it is anticholinergic. The 
reason for studying tliis comj)ound was exj)lained by Swan and White. 
Tow-molecular esters of choline are highly hydrophilic but practically in¬ 
soluble in organic solvents; in other words, they are surface inactive. The 
intioduetion of a larger non-polar group into the highly positive ammonium 
ion was to produce a change in ijharmacological behavior. The explana¬ 
tion of the actually observed change, however, remains obscure. 

” Hunt ami Honslmw, J. Pharmacol. Kxpll. Therap., 44, 151 (1032). 

'* Renshaw, ibid., 25, 315 (1025). Prolog, .Juhasz, Uozor, and Stern, Helv. 

Chtm. Acln, 25, 007 (1942). 

** Swun and White, J. Pharmacol. Expll. Therap., 80, 285 (1944). 
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c. Quaternary Ammonium Ions ■without Ester Function 


(1) 'Vetraethylammonium Ion 


The quaternary ammonium salts tetraethylammonium chloride or 
bromide (TEA) would be expected to act like acetylcholine by virtue of the 
similarity of the “anchoring” group of the two compounds. They are 
actiially found to be cholinergic stimulants as well as blocking agents, 
TEA can impede both pi'eganglionic sympathetic and parasympathetic 
nerve impulses at the autonomic ganglia without preceding stimulation. 
It dilates arteries, and thus decreases blood pressure. The potentiating 
effect of tetraethylammonium salts on the pressor action of epinephrine has 
been mentioned in Chapter XIX, and an explanation of this apparently 
anomalous behavior has been proposed there. 

Tetraalkylammonium salts produce curariform paralysis. If the ac¬ 
tivity of tetramcthylammonium halides in this respect is taken as 100, 
the trimethyl-ethyl salt can be evaluated at 80, dimethyl-diethyl at 8, 
methyl-triethyl at 2 and tetraethylammonium halide at 0.8. Thus the 
latter (Etamon) is only very little toxic. As is the case with similar 
cholinergic materials, atropine effectively counteracts all manifestations 
of tetraethylammonium ions.-® 

Claims that vasodilation in the limbs re.sulting from the intravenous 
injection of tetraethylammonium bromide serves as a reliable prognostic 
aid in peripheral vascular disease to determine whether a spasm of the 
ves.sels is present have not been fully substantiated. However, adminis¬ 
tration of the drug to patients with essential hypertension has resulted in a 


considerable fall of blood pressure lasting np to eight hours.-‘ In patients 
suffering from certain types of acute heart failure due to high blood pres¬ 
sure the drug may be used as an emergency treatment. Since tetraethyl¬ 
ammonium halide blocks nervous impulses both acro.ss .sympathetic and 
parasympathetic ganglia, it can be employed in cau-salgia (burning pain), 
a condition caused by post-traumatic degeneration of sympathetic nerve 
fibers. Here, the drug interrupts the constant bombardment of painful 
impulses being transmitted to the spinal cord. Other conditions similarly 
benefited are thrombophlebitis and Buerger’s disease,^- in which alleviation 
of pain and sometimes sustained improvement results from the adminis¬ 
tration of the drug. The tetraethylammonium ion may take the place of 


20 Burn and Dale, J. Pharmacol. Exptl. Therap., 6, 417 (1915). Boyd, Cnnvshaw, 
Uatcliffc, and Jepson, Lancet, 254, 15 (1948); Review, J. Am. Pharm. Assoc., 
Pract. Pharm. Ed., 9, 84 (1948). 

2‘ Hayward, Lancet, 254, 18 (1948). 

” Forsyth, Billard, and More, North Carolina Med. J., 8, 659 (1947). 
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neurosurgical local or paravertebral nerve block in these and similar vascular 
disorders.^® 


{2) Quaternary Salts in the Treatment of Peptic Ulcers 

1, l-Diethyl-2 ,G-dimethylpipcri<liniiim bromide (XXI-19) inhibits 
functions mediated l>y both sympathetic and parasympathetic nerves. It 
reduces blood pressure and the tonus of the stomach or the small intestine, 
abolishes their motor acti\'ity and reduces gasti'ic acidity.-^ This latter 
property has been utilized recently in the succe.ssful treatment of peptic 
ulcers, and the dramatic relief of pain caused by such ulcers a few minutes 
after oral administration of the drug has been reported. 


+ 

C 2 HB—N—Calls-Br 

CII 3 CII \:IICII 3 

II 2 C CII 2 

. / 

CII 2 

(XXI-19) 


O 




C02CIl2CIl2N(C2H6)2(Cn3)-Br- 

(XXI-20) 


Similar properties have been reported for Banthine which is orally 
activ'c in abolishing tlie activity of the sigmoid colon in man.-^^ The for¬ 
mula of Banthine is lepresentcd in XXl-2(); it is d-diethylaminoethyl xan- 
thenc-9-carbo.\ylate methobromide. The drug is one-half to two-thirds as 
active as atropine for parasympathetic blockade; it is an efYecti\'e and well- 
tolerated anticholinergic drug and has been able to take the place of .sympa¬ 
thectomy in patients .suffering from h^'perhidrosis.-*'* 


(3) Quaternary Acetals 

Several acetals containing quaternary ammonium groups have been 
studied for cholinergic properties. 7 -Trimethylammonium propanediol ace¬ 
tal (XXI-21 a) and the corresponding formal (Dilvasine, XXI-21 b) pos- 

Berry, Ciinipbell. Lyons, Moe anti Sutlej-, Surgery, 20, 52.5 (1!)46). Lj'ons, Moe, 
Neligh, llool)ler, Campbell, Berr)’, and Ronnick, Am. J. Med. Sci., 213, 315 
(1947). 

** r.,ongino, Cdiittum, and Cliimson, Proc. Soc. Exptl. Plot. Med., 70, 407 (1949). 
Kern and Almy, Am. J. Med., 7, 393 (1950). Cusic and Robinson, Abstracts, 
Meeting Am. Chem. Soc., Philadelijliia, April 10, 1950, j). IIK. Longino, Grim- 
son, Chittum, and Metcalf, Gastroenterology, 14, 301 (1950). 

Grimson, Lyons and Reeves, J. Am. Med. Assoc., 143, 873 (1950); Crimson et al., 

ibid., 143, 1331 (19.50); Hambourger et al., J. Pharmacol. Exptl. Therap., 99, 
245 (1950). 
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sess considerable parasympathomimetic properties “ A structural simi¬ 
larity to the furan derivatives described below can be seen readily. 

^O—CHCHzN+CCHa) 3 • OH" 

RCH 

CHz 

(XXI-21) 

a:R = CH 3 
b:R - H 

(4) Furmethide 

Of the many other simple quaternary ammonium salts tested, 2-furyI- 
methyltrimethylammonium iodide (Furmethide, XXI- 22 ) has proved use¬ 
ful. Its molecule has about the same distance between the quaternary 
nitrogen and the heterocyclic oxygen atom that is found in choline, since 
the two functions are separated by two carbon atoms. The absence of a 
hydrolyzable ester group contributes towards its stability. 

Furmethide is prepared from furfural by a Leuckart reaction with 
dimethylformamide (XXI-23). The furfuryldimethylamine (XXI-24) from 
this reaction is converted to the drug with methyl iodide in acetone solu¬ 
tion. 


^CHO HC0N(CH3)2 


0 


CH2N(CH3)2 


(XXI-23) 


(XX-24) 

O 


/ \cH2N+(CH3)3 r 


(XXI-22) 


Furmethide and similar stable furyl and tetrahydrofurylammonium 
iodides have been studied by Fellows and Livingston.^® Although very 
toxic to dogs, Furmethide is tolerated reasonably well by other species. 
It lowers blood pressure, causes catharsis, constricts the bronchi, and pro¬ 
duces rapid pin-point contraction of the pupil of the eye. The drug 
found use in ophthalmology for the reduction of intraocular tension in 
glaucoma. It improves blood volume in the extremities and can be used 
to promote evacuation of the bladder and the colon. Its effects are 
abolished by atropine. 

** Fourneau, Bovet, Bovet and Montezin, Bull. soc. chim. biol., 26, 516 (1944). 
Fellows and Livingston, J. Pharmacol. Exptl. Therap., 68, 231 (1940). 
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II. PILOCARPINE 


The alkaloid pilocarpine (XXI-2o) from the leaves of the South 
Americdinhufih Pilocarpus jaborandi is a lactone derived from imidazole. 
It exhibits parasympathomimetic activity, acting directly on involuntary 


CH3 

N 


N 


Clh—O 

CH 2 CII CO 

/ 

CHC 2 H 5 
(XXI-25) 




muscle and gland cells inner\-atcd by postganglionic cholinergic nerves, 
especially the sweat glands, sali\'ary glands, and gastric glands. It has 
been used as a diaphoretic (to produce sweating) but this application has 
been largely abandoned. It is of u.se in ophthalmology because it pro¬ 
duces miosis. Since it stimulates bronchial glantls, it has been employed 
as an expectorant. 

Structural variations diminish, on the whole, the intensity of the 
cholinergic effects of pilocarpine. Pilocarpic acid (XXI-26) of which 
pilocarpine is the lactone, is inactive. One might conclude that the lac¬ 
tone function is necessary for activity but this is not the case: a-(5-imi- 
dazolylmethyl)- 7 -butyrolactone (XX1-27) has no activity either. 


CII 3 

N 

/ \ 


II 

N 


N 


CIIaCIICPLOH 


CII(C2H6)C02H 


N 


NH 

^ \ 

N 


(XXI-26) 

CH—C 2 IL 

/ \ 

CH 2 CH CO 


CII 2 CH—CH 2 

CO CH 2 
\ / 
o 

(XXI-27) 


CHa 
N 

X \ 


CH2-O 

(XXI-28) 
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CH—CHOHCeHe 

\ 

CH 2 CH CO 


CH 


O 


(XXI-29: 


CII 3 
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O 

/ \ 

CH 2 CO 


CH 2 CH—CHC 2 H 6 
(XXI-30) 
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Isopilocarpine, a stereoisomer of pilocarpine, possesses only about one- 
twentieth the activity of the latter, and pilocarpidine (XXI-28, norpilo- 
carpine), and pilosine (XXI-29), a benzyl alcohol analog, are even less 
active. A structural isomer of pilocarpine, neopilocarpine (XXI-30) which 
carries the lactone group in position-4 of the imidazole ring, is completely 
inactive.^^ 


III. ARECOLINE 

The areca nuts, the seeds of Areca catechUj contain the alkaloid arecol- 
ine (methyl 1,2,5,6-tetrahydro-l-methylnicotinate, XXI-31). It is hy¬ 
potensive and produces typical muscarinic effects. As part of the betel 
mixture, it has been used as a deworming agent in the Orient for centuries. 
Arecoline owes its taenicidal (anthelmintic) properties to its cholinergic 
stimulation of peristalsis by which intestinal parasitic worms are probably 
expelled. Its use as an anthelmintic is now restricted to veterinaiy medi¬ 
cine. 


CH 3 




^COOCHa 

s^COOCHa 

(XXI-31) 



CHs'I- 


S^^C02CH3 

(XXI-32) 


+ 


N(C2H6)2-Br 
/ \ 




CO 2 CH 3 

(XXI-33) 


Methyl nicotinate is not a parasympathomimetic stimulant, but its 
quaternary methiodide (Cesol, XXI-32) as well as the hexahydro deriva¬ 
tive Neocesol (XXI-33) are similar to arecoline.^s 

IV. INHIBITORS OF CHOLINESTERASE^^ 


1. Physostigmine 

Physostigmine (eserine) is the main alkaloid of the Calabar bean, the 
dried seed of the African vine Physostigma venerosum. The Calabar bean 
causes toxic symptoms including nausea, vomiting, diarrhea, sweating, 
salivation, twitching of muscles, pin-point constriction of the pupils and 
respiratory paralysis leading to death. The initial vomiting pioduced by 
an emetic substance in the seed hull may be so violent as to protect t e 
person from fatal amounts of the alkaloid by automatic removal of the 
beans. On this phenomenon was based their use as ordeal beans in native 

2’ Burtles, Pyman, and Roylance, J. Chem. Soc., 127, 681 (1925). 

28 Hunt and Renshaw, J. Pharmacol. Exptl. Therap., 35, 75 (^929). 

29 For a recent review, see Gilman, J. Pharmacol. Exptl. Therap., 95, 16b ( ;• 
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West African trials. An accused person, if innocent, might swallow the 
poisonous beans quickly and thus protect himself from absorption while a 
guilty tribesman, afraid of the ordeal, would eat hesitantly and exhibit the 
“condemning” symptoms of the toxicity syndrome. 

Physostigminc (XXI-34) was isolated in 1804^® and its structure 
proved by l^arger and Stedman.^^ A syntliesis of physostigmine has been 
published by Julian and Pikl.®- The alkaloid is the methyl carbamate of 
physostigmol (eseroline, XXI-35). This carljamate structure not other¬ 
wise encountered in alkaloid chemistry, has been the clue to the under¬ 
standing of the pharmacological beha\ ior of the compound and has been 
imitated in synthetic analogs, especially Prostigmin and its congeners. 


CH 3 NHCO 2 


CUz CII 3 




c 


CII 2 


HO 


CH 3 CH 3 




C 


CH 


CII 


(XXI-34) 


CH 3 

(XXI-35) 


Physostigmine prevents the enzyme cliolinesterase from catalyzing, in 
its accaistomed manner, tlie lijalrolysis of acetylcholine. It is assumed 
tliat physostigmine comjK'tes with acetylcholine for a reactive place on the 
enzyme; the carbamate group preoccupies the hydrolytic ability of cholin¬ 
esterase, while acetylcholine remains unsaponified and acquires time to 
exert all its ordinarily short effects. As a result, physostigmine protects 
the hydrolytic destruction of acetylcholine in all cholinergic locations in 
the body, in parasympathetic as well as sympathetic ganglia, and at the 
junctures of cholinergic nerves with glands or muscles. This explains the 
often contradictory bchavicjr of the organism after administration of 
physostigminc. The blood pressure may be lowered, as acetylcholine be¬ 
gins to act uninterruptedly at cholineigic nerve endings, or raised when 
a(;ctylcholine is not hydrolyzed in .sympathetic ganglia. The adrenal 
medulla will be stimulated un(lul 3 ’' hy (he continuous availability of acetyl¬ 
choline and thus produce more Adrenalin which, in turn, will antagonize 
some of the elTects of phj'sostigmine. 

lurthcr proof for the proposed mechanism of action of phj'sostigmine 
can be obtained hy obliterating the substrate of cholinesterase, acetyl¬ 
choline, by surgical destruction of a cholinergic nerve. If, for in.stance. 


Jobst and Hesse, Ann., 129, 115 (1864); 141, 913 (1867). 

»> Barger and Stedman, J. Chem. Soc., 119, 891 (1919); 123, 759 (1923). 
“ Julian and Pikl, J. Am. Chem. Sac., 57, 539, 755 (1935). 
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the nerves to the iris of the eye are cut, physostigmine will no longer 
cause contraction. It still inhibits cholinesterase, but no acetylcholine is 
preserved from destruction, and the iris has no reason to respond to the 
alkaloid. 

The parent phenol of physostigmine, physostigmol (XXI-35) is al¬ 
most inactive as an inhibitor of cholinesterase. 

Physostigmine has been used as a peristaltic, but has given way very 
largely to Prostigmin for the same therapeutic uses, not because of a more 
favorable therapeutic index of the latter, but because some of the unde¬ 
sirable side effects of acetylcholine, especially those on the heart, are less 
noticeable when Prostigmin is employed. The instability of the alkaloid 
has also played a role in relegating physostigmine to a secondary place; 
solutions of its salt decompose on standing. It is still used in ophthalmol¬ 
ogy to reduce intraocular pressure in glaucoma, and to cause miosis (con¬ 
traction of the pupil), especially after atropinization. There is no question, 
however, that Prostigmin is more effective in the most striking condition 
benefited by inhibitors of cholinesterase, myasthenia gravis. 


2. Prostigmin 

The easily hydrolyzable urethan group of physostigmine, and the 
disappearance of anti-cholinesterase activity in physostigmol, have centered 
attention upon systematic structural variations of aromatic carbamates 

(ArOCONRs). 

It would have been natural to expect some connection between p- 
aminophenylurethans and physostigmine since the pyrroline nitrogen of 
the alkaloitl occupies that position relative to the carbamate radical. 
However, a series of alkyl carbamates of basically substituted phenols, 
tested as miotics, produced highest activity values for m-derivatives. It 
w'as also found^^ that several of the qviaternary ammonium salts (XXI-36) 
were more active than the tertiary amines (XXI-37), perhaps because the 
aminophenols are weak bases and give salts with a strongly acid reaction. 
Following up this lead. White and Stedman removed the basic tertiary 

OCONR2 OCONR2 OCONHCH3 

^ ^ ^ 


V 


NR 




NRj-X 


V 


6hn(ch3) 


CHs 

(XXI-37) (XXI-36) (XXI-38) 

- Stedman, Biochem. J 20, 719 (1926); 23, 17 (1929). Stedman and Stedman, J. 
Chem. Soc., 609 (1929). 
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amino group into a side-chain and introduced one of these more basic 
compounds (XXI-38) under the name of Miotine.^^ The levorotatory 
isomer of this drug was the more acti\’e of the two enantiomorplis. One 
of the main reasons why this comijound could not retain its place among 
therapeutics was again the instability of its acpieous solutions; even water 
alone hydrolyzes it fairly soon to the ph 3 ’siologically inert parent phenol. 
The quaternary salt of compound (XX1-38) did not show higher activity. 
Apparently, when the basic radical is in a side chain rather than directly 
attached to the aromatic nucleus, ditferences in activity are less marked; 
in some cases, they may even be re\'orsed. 

A re-investigation of some of Stedman’s and similar compounds as 
miotics and peristaltics re\’caled that the w-dialkylaminophenjd carbamate 
structure is necessaiy (m-RoNCelUOCOXU'o) for activity.If one of 
these groups is omitted the compound becomes inacti\'e. This holds also 
for another important acti\’ity, the relaxation of muscles paralyzed by 
curare. The effect of altering substituents at the carbamate nitrogen is 
tabulated below. 


TARLE I. Physostigmine .-Vctivity of »i-Dialkylaminophenyl Urethans 
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The quaternary methosulfate of m-dimethylaminophenyl dimethyl 
carbamate (XXI-39) was singled out as the most suitable drug in this 
series. Under the name of Prostigmin (formerly Neostigmine) it has vir¬ 
tually replaced physostigmine in therapeutic applications requiring inhibi- 

White and Stedman, J. Pharmacol. Exptl. Therap., 41, 259 (1931). 

« Aeschlimann and lleinert, J. Pharmacol. Exptl. Therap., 43, 413 (1931). Aeschli- 
mann, J. Soc. Chem. Ind., 54, 135T (1935). Aeschlimann and Stempel, Jubilee 
Volume Emil Bareli, Reinhardt, Basle, 1946, p. 306. 
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tion of cholinesterase. Its solution is not hydrolyzed if buffered at pH 
3 to 4. 

Prostigmin may be synthesized by two routes. Sodium m-dimethyl- 
aminophenolate can be treated with N,N-dimethyl chlorocarbonate (XXI- 
40), or m-dimethylaminophenyl chlorocarbonate (XXI-41) obtained from 
the phenol and phosgene, can be aminated with dimethylamine. The 
tertiary aromatic amine obtained from either reaction is then quaternized 
with methyl sulfate. 


ONa 




N(CH3)2 


+ C1C0N(CH3)2 

(XXI-40) 


0C0N(CH3)2 0C0N(CH3)2 

Me2S04 




N(CH3)2 
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N(CH3)3-CH3S04 


(XXI-39) 
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COClj 


N(CH3)2 


OCOCl 




NH(CH,)2 


N(CH3)2 


(XXI-41) 


Prostigmin causes miosis but is seldom employed for this purpose. It 
is useful in the control of distension of the bowel or urinary bladder and 
finds wide use in post-operative suffering from intestinal gases. The most 
striking benefit derived from the drug is in myasthenia gravis. This is a 
spastic condition of skeletal muscle, a muscular atony which prevents the 
patient from moving his extremities, and from talking and swallowing. A 
person afflicted with this disease presents a picture not unlike one para¬ 
lyzed by curare. Since physostigmine and Prostigmin were known to 
counteract this paralysis, these drugs were tried in myasthenia gravis,^® 
and Prostigmin proved to be superior to the natural alkaloid. Within a 
few minutes, bed-ridden paralyzed patients can walk, talk and swallow 
and will retain normal abilities until the effect of the drug wears off, and 
a new dose must bring relief. 

Other conditions accompanied by skeletal mxiscle spasm in which 
Prostigmin has been found to improve muscle tone are the after-effects of 

** Walker, Proc. Roy. Soc. Med., 28, 759 (1935). 



PARASYMPATHETIC STIMULANTS 


379 


poliomyelitis and rheumatoid arthritis.It is interesting that in tliose 
conditions the effect on the transmission of impulses from nerves to muscles 
of Prostigmin resembles that of curare, instead of being antagonistic to it. 
A pharmacological explanation of this phenomenon has not yet been found 
but some satisfaction may be deri\cd from the fact that salts of curarine 
are ciuaternary ammonium salts, that all other quaternary onium salts 
have curare-like activity, and that Prostigmin may owe this propc'rty to 
its own quaternaiy nature. A number of analogs of Prostigmin ha\’ing 
the two important functions, the urethan and cpuiternarj^ salt groups, 
ortho to each other, exhibit this curare-like behavior o\en to a greater 
extent. However, tlieir cholinesterase-inliibiting ])ower decreases as their 
curare-like action grows. 

The anticurare properties of Prostigmin must thus be attributed to 
tlie non-quaternary, hydrolyzable urethan group which is the decisive 
factor in its inhibition of cholinesterase. That there is an overlapping of 


CII 


CII 


N(CIT3)3-Br 


^NCOO<^ 

(XXI-42) 


curariform and anticurai'e properties is shown by the X-metliyl-toluidino 
urethan (XXI-42) whicli inliibits cholinesterase more strongly than physo- 
stigmine, and has curare-like properties.^® On the other hand, the de- 


CTI 


Br 


_ + 


'^bcON(CH3)2 

(XXI-42a) 

curarizing effect of the pyridine analog (XXI-42 a) is (piite independent 
of its inhibitory effect upon cholinesterases. 


3. Other Urethans 

Among fifty quaternary pyridinium salts carrying urethan groups in 
the 3-position, l-benzyl-S-fdimetlylcarbamyloxy) pyridinium bromide 
(Stigminene, XXI-43) was the most potent drug. It .stimulated peristalsis 

” U'hmunn, Jubilee Volume Emil Bareli, Reiiiharclt, Basle, 104C, p. 314. 

3" Aeschlimann, U. S. Pat. 2,449,440 (1948). 

Casier and \ erbeke, Arch, internal, pharmacodijn. therap., 83, 452 (1950). 
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in doses of 0.1 mg./kg. and inhibited cholinesterase in vitro at a concen¬ 
tration of 3 X 10”® mole per milliliter.^® 



CH2C6H5 




iSlHCON(CH3)2 


(XXI-43) 


A significant side light is thrown on the whole group of aromatic 
urethans by a patent claiming their usefulness as bait poisons.^® This 
underscores the high toxicity of these compounds, and also reemphasizes 
the necessity of explaining toxic manifestations in any series of drugs on 
the basis of inhibition of important enzyme systems. Morphine, strychnine 
curare and methylene blue are known to be inhibitors of cholinesterase,'*^ 
and others will probably be added to this series. The toxicity symptoms 
evoked by so many drugs, especially nausea, vomiting, dizziness, salivation, 
intestinal spasms etc. are so similar for many apparently unrelated com¬ 
pounds that a common basis of their origin should be sought. It would 
not be surprising to find that in vitro and in vivo studies of enzyme inhibi¬ 
tion by these drugs can give the answer to this problem. 

In analogy to other quaternary ammonium salts, alkoxy substituted 
aryl trialkylammonium ions (XXI-44) have been found to have Prostigmin- 
like properties.*- Anticholinesterase activity has also been found to reside 
in certain substituted aryloxyamidine derivatives. Thus, N ,N-dimethyl- 
thymoloxyacetamidino (XXI-45) possesses both oral and topical activity.*® 
The diiodomethylate of l)is-(p-dimethylaminophenoxy)-l ,3-propane, 
[!-■ (CH 3 ) 3 N+-p-C 6 H 40 CIl 2 l->CIl 2 , is as potent an anticurare agent as Pro- 
stigmin and is said to have a more favorable therapeutic index.*®® 



(XXI-44) 


(CH3)2CH ^nh 

\n(CH3)2 

X/ 

CHs 

(XXI-45) 


39 Wuest and Sakai, Abstracts, USth Meeting, Am. Chem. Soc., San Francisco, Cal., 
March 1949, p. 7K. 

<9 Aeschlimann, U. S. Pat. 1,858,177 (1932). 

« Bernheim, The Interaction of Drugs and Cell Catalysts. Burgess, Minneapolis, 
1942. 

^3 Gardner and Stevens, J. Am. Chem. Soc., 59, 3086 (1947). 

*3 Djerassi and Scholz, U. S. Pat. 2,425,730 (1947). 

<3a Funke and Depierre, Compt. rend., 230, 245 (1950). 
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4. Diisopropyl Fluorophosphate {DFP) 

In the course of \Yar-time research on toxic gases, the observation of 
Lange and Kruegei*^^ was rememl)ered, that the \’apors of dialk}'! fluoro- 
phosphates, (RO) 2 P(())F, cause visual and respiratory impairment at low 
concentrations, ^^^len esters of this type were reexamined, the chemists 
McCombie and Saunders^^ noticed that the cyclohexyl, isopropyl, sec.- 
butyl and other derivatives had a miotic action on the eye. The com¬ 
pounds were then tested as miotics,'*® and the most potent member of the 
group, diisopropyl fluorophosphate (DFP, [(CIl 3 ) 2 C'H()]oP(())F) was sin¬ 
gled out as the most promising drug for further study. It turned out 
to be the most powerful inhibitor of cholinesterase yet discovered. 

The margin of safety of DFP is narrow, and it is unlikely that this 
toxic agent will become an important therapeutic agent although Parpanit 
and Diparcol can completely antagonize its elTects. However, DFP has 
become an interesting pharmacological tool. It inactivates cholinesterase 
reversibly after short exposures, and irreversibly after prolonged action on 
the enzyme at a concentration of 10““ mole. One can utilize this bio¬ 
chemical behavior to substantiate some hypotheses implicating cholines¬ 
terase as a causative pathogenic factor. If, for instance complete inhil)i- 
tion of cholinesterase were the answer to healing myasthenia gravis, DFP 
should prove valuable in this condition. Yet, it exhibits only slight ac¬ 
tivity.'*^ 

Another experiment with DFP has changed our view concerning the 
mode of action of physostigminc and Prostigmin. As pointed out above, 
these urethans are regarded as inlubitors of clujlinesterase, that is, they 
preserve acetylcholine from hydrolj'sis by tliis enzyme. If the enzyme 
has been completely and irreversibly poisoned by DFP, the urethans should 
no longer be able to serve as substrates, and conseciuently become inactive. 
Actually, they retain cholinergic effects under these conditions. This has 
led to the suggestion that the action of Prostigmin on muscle or gland 
cells is similar to that of a true choline estcr.^* 

Apart from alterations of the alkyl I’adicals, tlie effects of other struc¬ 
tural changes on the anti-cholinestcrase activity of DFP have also been 
studied. The thioester (C 2 lI&S) 2 P()r is inactive, and so is ethyl difluoro- 
phosphate ((C2H60)P0F2). In esters of the tj'pe (CbH 5 ()) 2 P(.)X in which 


« Lange and Krueger, Ber., 65, 1598 (1932). 

McCombie and Saunders, Nature, 157, 287 (1946). Saunders, Chemistry and Indus¬ 
try, 1947, 117. 

Adrian, Nature, 158, 625 (1946). 

Comroe, Todd, Gammon, Koelle, and Gilman, Federation Proc., 5, 172 (1946). 
Harvey, Jones, Talbot, and Grob, ibid., 5, 182 (1946). 

« Hiker and Wescoe, J. Pharmacol. Exptl. Therap., 88, 58 (1946). 
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a variety of groups can take the place of the fluorine atom, toxicity is 
negligible. Variations of effects were studied by measuring miotic activ¬ 
ity, that is, reduction of intraocular pressure provoked by cholinergic 
stimulation.**^ 

5. Phosphate Insecticides 

Recent studies of the intensely toxic insecticides, tetraethyl pyro¬ 
phosphate \_IEPP, (C2H60)2P(0)0P(0)(0C2H6)2] and diethyl p-nitro- 
phenyl thiophosphate [Parathione, (C2H60)2PS(p-0C6H,N02)] have re¬ 
vealed that these compounds are powerful inhibitors of cholinesterase. 
Their toxic effects in mammals are cancelled out by atropine. TEPP has 
been tested as a therapeutic agent in myasthenia gravis, but its margin of 
safety is too .small for use in medicine.^® 

Octamethyl pyrophosphoramide, [(CH3)2N]2P(0)0P(0)[N(CH3)2]2, 
has recently been found to inhibit predominantly peripheral cholinesterase 
without exerting any effects on the central nervous system.^* 

V. RELATION OF MUSCARINIC ACTION TO 

SPATIAL GROUPINGS 

'There has been a changing tendency over the years to regard a given 
portion of a molecule, or the whole molecule of a drug, as re.sponsible for 
the pharmacological behavior of the compound. The view held most 
widely twenty years ago that hydroxyl groups have depressant, amino 
groups excitant, and other functional groups corresponding other activities 
has been completely abandoned. It was followed by a period in which the 
innumerable exceptions to every postulate of structure-action relation dis¬ 
couraged chemists from pinning definite physiological functions on specific 
groups. The idea began to gain ground that predictions were unfeasible, 
and each molecule as a whole acted in its own peculiar way. This pref¬ 
erence was supported by advocates of steric considerations who called 
attention to the possibility that the molecule of a drug might fill an open 
space on the surface of an enzyme and thereby divert certain reactions 
normally catalyzed by this enzyme. Any drug, regardless of its fine struc¬ 
ture, which would have a shape suitable to fill the same space (which would 
be “isosteric”) could fulfil! the same blocking function on the active surface. 

Recently, this view has been re-interpreted to mean that certain 
selected groups of atoms within the molecule of a drug are the actual units 
which must fit into reactive spots or indentations of the active surface of 

■I® McCombie and Saunders, Nature, 157, 776 (1946); 158, 382 (1946). 

Gi’ob and Harvey, Bull. Johns Hopkins Hasp., 84, 533 (1949). 

61 DuBois, Doull, and Coon, Abstracts, Indianapolis Meeting, Am. Soc. Pharmacol. 

Exp. Therap. Nov. 17, 1949, p. 20. 
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the proteinogenous enzyme. It will be necessary in most cases to have at 
least three “prosthetic groups” in the drug molecule to fit the latter firmly 
into the proper spaces of the enz 3 "me, or as some authors still prefer to call 
it, the receptor on the cellular surface. A, B and C in Figure 1 represent 
such prosthetic atoms or groups which fill, by virtue of their sterical con¬ 
figuration, corresponding spaces in the molecule of an enzyme. As Clark®^ 
has put it, pharmacological action in many instances depends on the acti¬ 
vation ordeactivation of receptors on the cellular surface by specific chemical 
groups of the drug molecule. 


Drug 


A 


B 


C 


V-V-V 

Enzyme or Cell Receptor 


Figure 1. Schematic Drawing of “3-Point” Fitting 


The size of the surface of, for instance, the cell of a vascular smooth 
muscle is about 20 x 1 /i. In compari.son, the molecule of a drug of average 
size measures only a few Angstrom units. If atomic models where 1 A 
equals 1 cm. aroused, the smooth muscle cell, if drawn to the same scale, 
would measure 2000 x 100 m., or be about 1.2.5 miles long and the length 
of two railroad coaches in diameter. We are therefore concerned with the 
infinitely smaller cell receptors themselves, \vhich are u.sually regarded as 
small size cell chemicals, or at best as ceil proteins or enzj'mes. In several 
instances it has now become possil)lc to correlate drugs of a given physio¬ 
logical character by comparing the interatomic distances of some (jf their 
prosthetic groups which fit into, or react with active locations of tlie same 
distance in the cell receptors. This has been done especially successfully 
for jnuscarinic drugs and cholinergic blocking agents b^^ Pfeiffer,and for 
analgetics and sex hormones \)y Scluieler.^* 

The assumption that at least three significant interatomic distances 


should be considered for compounds exhibiting muscarinic activity is based 
on the insignificant magnitude of the .stimulating action of choline as com¬ 
pared with acetylcholine. The latter contains one more oxygenated func¬ 
tion, and so do a number of its stru(;tural and ])harmacodynamic analogs 
which are listed in Table II. The interatomic distances for acetylcholine, 


C lark, Mode of Action of Drags on Cells. Arnold, London, 1033. 

1 feiffer. Science, 107, 94 (1948). PfeilTcr, Santos-Martinez, and Sherrod, Federa¬ 
tion Proc., 7, 248 (1948). 

“ Schiiolor, Gross, and Holland, J. Ant. Pharm. Assoc., 38, 74 (1949). Schucler, 
Science, 103, 221 (1946); Endocrinology, 38, 401 (1946). 
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as determined from atomic scale models, are 7.0 A from carbonyl oxygen 
to the center of methyl (N+CHg), and 5.3 A from ether oxygen to the same 
methyl group. These distances must be the same for Mecholyl, Doryl and 
Urecholine. The formula given for muscarine (XXI-1) has about the same 


Acetylcholine (XXI-2) 
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S'* Fourneau, Bovet, Bovet, and Montezin, Bull. soc. chim. biol., 26. 134, 516 (1944) 


PARASYMPATHETIC STIMULANTS 


385 


interatomic distances (5 A and 6.7 A, respectively) as does acetylcholine, 
and is therefore preferable to the older, and not yet disproved formula, 
0 CHCHN'‘'(CH 3 ) 3 - 0 H‘~. The acetal (XXI-20) does not contain a car- 

HOCHC2ri6 

bonyl oxygen but another acetal oxygen atom. The distances between 

o o 

these two oxygen atoms and the N-methyl group are 5 A, and 7.0 A, that 
is, close to the optimum for muscarinic action. The compound acts in a 
dose of 1 7 /kg. and demonstrates that the cell enzymes do not distinguish 
between ether, acetal or carbonyl oxygon atoms provided they are properly 
spaced. 

In Furmethide, the heterocyclic resonating double bond between C 4 
and C 5 seems to take the place of the C=0 linkage. It may be significant 
that Furmethide was chosen as the best therapeutic agent from a series of 
similar drugs, especially tetrahydrofuryl derivatives. Seen in the light of 
the atomic spacing hypothesis, the aromatic heterocyclic nucleus may be 
the cause of its greater analogy to acetylcholine. 

Similar models can be constructed for the cholinergic stimulants, 
arecoline, pilocarpine, physostigmine and Prostigmin; the latter acts, at 
least in part, as a parasympathomimetic drug although it owes most of its 
action to its inhibition of cholinesterase. In a model of Prostigmin the 
magnitude of the distances from ether oxygen to NCII 3 (7.0 A), and 
carbonyl oxygen to NCIia (8.5 A) is reversed, a further indication that the 
chemical function of the oxygen atoms is immaterial for muscarinic action. 
These thoughts will also be reverted to later for curariform compounds, 
and inhibitors of acetylcholine stimulation. 

Ing^® has criticized PfeitTer’s hypothesis on the basis that not all com¬ 
pounds containing the three “prosthetic groups”—they should be called 
pharmacodynamic groups to distinguish them from active molecules at¬ 
tached to high-molecular carriers—show parasympathomimetic activity, 
but some compounds which show such actions do not contain all three 


groups. There is an enormous quantitative difference between esters of 
choline with various simple acids, and between acetylcholine. More com¬ 
plex choline esters often have nicotinic and, occasionally, even anticholiner¬ 
gic properties (cf. Dibutoline). Simple alk 3 ''l ethers of choline have clearly 
muscarinic activity, and this holds also for alkyltrimethylammonium salts; 
both classes of compounds lack at least the carbonyl oxygen. On the 
other hand, the size of the “cationic head” of the molecule is undoubtedly 
significant since trimethylammonium ions in choline-type compounds are 
so far superior as parasympathetic stimulants to any compounds having 
other groups on nitrogen. Likewise, the 5-carbon interval between nitro- 


Ing, Science, 109, 264 (1949). 
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gen atoms pointed out by Pfeiffer is undeniably an important sterical 
feature for muscarinic action. 

Both Pfeiffer and Ing take a static view of nicotinic action in focussing 
attention on the “receptor spots” or “prosthetic groups” which are the 
anc^ioring position of the 0~C~C—N systems of cholinergic drugs. A 
recent discussion of these arguments by Barnes and Beutner^^ points to the 
dynamic possibilities of explaining cholinergic phenomena. Cholinergic 
drugs have strong phase—boundary potentials at the interface between 
saline and lipids; acetylcholine produces a negative phase-boundary poten¬ 
tial which can be calculated from the increase in conductivity of the lipid 
phase, unmatched by any other substance found in nerves. Nerve im¬ 
pulses are negative charges, and onium ions in general, and acetylcholine 
in particular, possess the ability to create such charges. Their physio¬ 
logical effects parallel the dipole moments and dissociation constants of 
the corresponding acids, and are affected by molecular changes (ethyl in¬ 
stead of methyl groups on the (luaternary nitrogen) which determine their 
phase-boundary potential, that is, their pharmacodynamic action.®® This 
interesting observation underscores the cui*rent state of flu.x of these ideas, 
and the many factors which will have to be considered before a really 
satisfactory theory is evolved. 


VI. AN AUTONOMIC INTERPRETATION OF 

ANALGETIC ACTION®* 


'The theories correlating analgesia with centi’al nervous depression 
have met with the difficulty of explaining why the peaks of the two effects 
are not encountered simultaneously. Moreover, the excitation produced 
by morphine in the cat and in man is hard to reconcile with explanations 
of depression. Tf analgetic action were solely a manifestation of central 
depression, analeptic drugs such as amphetamine should counteract the 
effect of morphine; but this effect is actually enhanced by amphetamine. 
It is also increased by ephedrine, epinephrine, and by the cholinergic drug, 
Prostigmin. Vice versa, it is lowered by the cholinergic depressants, 
scopolamine and atropine. These recent obser\'ations have served as a 
basis for an adrenergic theory of analgesia, and perhaps a cholinergic theory 
of pain. However, certain cholinergic agents (Doryl) can add to the 
analgetic effect produced by injected epinephrine. The pharmacod 3 '‘namic 
mechanism of this action is as \'et uncertain; it may be that the paia- 
sympathomimetic drug stimulates the output of epinephrine by the adrenal 
gland which can then enhance the peripheral adrenergic vasoconstrictor 


Barnes and Beutner, Nature, 164, 109 (1949); Science, 110, 511 (1949). 
68 Holmes, Jenden, and Taylor, Nature, 159, 86 (1947). 
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effect, and this is one of the causes of analgesia.^® Based on this observa¬ 
tion, a theory correlating interatomic distances of analgetics, and analgetic 
activity conceived as an autonomic function has been proposed. 

It is possible to scan in the molecules of morphine and morphine-like 
analgetics, atomic groupings which could be interpi-etod as sympatho¬ 
mimetic and parasympathomimetic moieties, respectively. These groups 
are listed in Table III for a few representative analgetics together with 
two distances for each compound as calculated from atomic scale models; 
(a) the sympathetic distance, the average maximum distance between the 
first carbon of any alkyl group of the amino nitrogen atom, and the aro¬ 
matic carbon atom to which the alkylamine chain is attached; (b) the 
parasympathetic distance, the average maximum distance between the 
first carbon of any alkyl group on the amino nitrogen, and the terminal 
oxygen atom. 

Buscaino and Pero, Riv. palol. nervosa e menlale, 58, 153 (1041); Chem. Abstr., 42, 
34Q0a (1048). Pero, Giorn. ilal. ancstesia e analgesia, 5, 128 (1030); Chem. Abstr. 
42, 3480i (1048). 
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Curare and Curariform Drugs 


I. CURARE 


The South American arrow poison curare^ produces paralysis of vol¬ 
untary muscles characterized by dropping of the eyelids, drowsiness, 
paralysis of the muscles controlling the neck, vocal cords, the extremities, 
and the diaphragm. Death from curare poisoning is due to respiratory 
failure and not to other toxic effects as shown by the fact that animals 
given artificial respiration will tolerate many times the lethal dose of the 
drug. 

Therapeutic doses of curare have been used clinically to relax muscles 
in neuromuscular disorders involving spastic, convulsive and paralytic 
conditions, and in surgery. One of the main uses of curare is in prevent¬ 
ing bone fractures during shock therapy in mental patients. These appli¬ 
cations are based on tlie action of curare at the junction of nerve and 
voluntary muscle, the myoneural junction. As explained in Chapter XIX, 
the somatic nerves liberate acetylcholine at this junction, and this hormone 
stimulates the muscle. The enzyme cholinesterase hydrolyzes acetylcho¬ 
line rapidly and each new nervous impulse builds up again the critical con¬ 
centration of acetylcholine to which the muscle responds.^ Too little 
acetylcholine does not stimulate the muscle, while too much (as in parenteral 
injection of acetylcholine or certain inhibitors of cholinesterase) leads to 
curare-like paralysis. Curare does not inhibit cholinesterase nor does it 
prevent the liberation of acetylcholine. It appears to cause peripheral 
paralysis by raising the threshold of excitation of the muscle so that no 
response is elicited by normal amounts of acetylcholine. 

The result of curarization is to render the muscle “sole” under the 
nerve end-plate inaccessible to the normal transmitter, acetylcholine. The 
stability of the curare alkaloids permits their occupation of this sole for 
considerable periods, thus blocking access of acetylcholine which is itself a 
quaternary base of very high wave potential. 


1 Craig, Chem. Revs., 42, 285 (1948). 

* Rosenblueth and Morison, Am. J. Physiol., 119, 236 (1937). 
anal. chim. appl., 19, 33 (1937). 
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Curare-like, or curariform, activity is not easily reproduced quantita¬ 
tively with different batches of curare. This uncertainty stems from the 
poorly controlled specimens of the crude drug which are obtained from llie 
tropics. Depending upon the containers in which they are packed, three 
types of curare are usually procured. Gourd or calabash curare is th(^ 
most effective kind; its amorphous alkaloids are not j'et fully imdorstood 
chemically. Tube curare, packed in bamboo tubes, contains d-tubuciirarine 
chloride as its active ingredient besides tertiary inactive bases. Pot 
curare, which is shipped in earthenware pots, has as its active j)rinciple 
some quaternary bases which are probably related to tubocurarine.^ The 
botanical origin of the crude drugs is still somewhat obscure but Chotido- 
dendron iomenlosum Ruiz and Pavon,’ a vine one-hundred feet tall, and 
several Sirychnos species and menispermaceous plants have been shown to 
contain curare. 

Eighteen alkaloids have so far been isolated from calabash (airare, 
the most active being C-toxiferine-I which paralyzes frogs in doses of 5 to 
9 7 /kg. Karrer and Schmid^ have made probable a /3-carl)oline stmeture, 
or perhaps a 7 -carboline structure containing one secondary and one 
quaternary nitrogen atom for some of the calabash curare alkaloids. In 
order to test similar compounds, N-(3-indolylmethyl)-X-methyl-l ,2,3,4- 
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tetrahydroisoquinolinium iodide (XXII-1), an open-chain analog of the 

=> King, J. Chem. Soc., 1381 (1035); 127G (1936); 1472 (1037); 1157 (1030); 737 (1040). 
^ Winterstcincr and Dutcher, Science, 97, 467 (1043). 

‘ Karrer and Schmid. Helv. Chim. Ada, 29, 1S53 (1046). Schmid and Karrer, ibid., 

30, 1162 (1047). Schmid, Ebnother, and Karrer, 33, 1486(1950). Wielarid' 

Witkop, and Bahr, Ann., 558, 144 (1947). 
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7 -carbolines was prepared by Craig and Tarbell® but its activity was not 
very high. It paralyzed mice in doses of 16 mg./kg. 

d-Tubocurarine, now a well-defined standard for the physiological 
evaluation of curariform activity, is a phenolic bis-benzylisoquinolinium 
alkaloid the structure of which (XXII-2) has been established through the 
degradative experiments of Spath/ and of King.® 



(XXII-2) 


Other active alkaloids from calabash curare include several bases of 
similar structure which contain only one quaternary cyclic nitrogen. Some 
of them, for instance d-chondocurine, have no quaternary nitrogen at all, 
but their activity is correspondingly low; the dimethochloride of d-chondo- 
curine, however, has about three times as prolonged and powerful a para¬ 
lyzing action as d-tubocurarine. 

Methylation of the free phenolic hydroxyl groups of d-tubocurarine 
leads to more active curariform compounds, but ethylation and butylation 
produce less active, or inactive derivatives. Nitration or bromination of 
one of the alkaloids from calabash curare, calabashcurarine I, gives drugs 

which paralyze frogs at the low dose of 8 7 /kg. 

Like the crude mixtures from which it is derived, d-tubocurarine is 
ineffective orally and has a low therapeutic index. This holds also for 

e Craig and Tarbell, J. Am. Chem. Soc., 71, 462 (1949). Boekelheide and Ainsworth, 
ibid., 72, 2132, 2134 (1950). 

’ Spath and Kuffner, Ber., 67, 55 (1934). 

® King, J. Chem. Soc., 265 (1948). 
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Intocostrin, a standardized, purified curare preparation which is used 
clinically instead of the less easily purifiable homogeneous alkaloids. 
Therefore, many other compounds have been tested for curariform activity 
with the hope of finding an orally active drug having a wider margin of 
safety. 

The most usual procedure for measuring curariform paralysis is the 
rabbit head drop method in which the compound is injected intravenously 
into the ear of a rabbit until the animal can no longer lift its head in three 
minutes. It is important that a good curariform drug exert no stimulating 
nicotinic action, the stimulatory component of the action of acetylcholine. 
Any muscarinic activity could well be counteracted by simultaneous ad¬ 
ministration of atropine without detracting too much from the paralyzing 
ability of the drug.® 

11. ERYTHRINA ALKALOIDS 

Since the most active curare alkaloids are quaternary ammonium 
salts, and the less powerful ones acquire more prolonged activity on quater- 
nization, it became profitable to look for curariform action among other 
quaternary onium salts. As will be seen below, cuniriform activity and 
presence of a quaternary ion have virtually become synonymous. It was 
therefore surprising to find pronounced curare acti\uty in a series of alka¬ 
loids which lack this structural feature. These alkaloids, isolated from 
the seeds of plants of the Erythrina species, have been studied extensively 
by Folkers and his coworkers since 1939. The most readily obtainable 
erythrina alkaloid, /3-erythroidine, contains a tertiary nitrogen atom com¬ 
mon to two rings, two olefinic double bonds, a lactone, and a methoxyl 
group. Its structure is still uncertain. Neither /3-erythroidine nor its 
dihydro derivative are as powerful as the most active curare alkaloids but 
they are effective orally and less toxic than the latter in therapeutic doses. 

When /3-er3^throidine is heated with sulhiric acid at 120°, it is de- 
methylated to apo-/3-erythroidine which exhibits muscle-relaxant proper¬ 
ties similar to those of Myanesin (see below). 

Another group of erythrina bases which has not been used clinically 
comprises the compounds erythramine (XXII-3), erythraline (XXir-4) 
and erythratine (XXII-5) as well as certain others which seem to be aceto- 
sulfonates of phenolic parent compounds. The former are tetracyclic com¬ 
pounds containing a methylenedioxy ether group, and a tertiary nitrogen 
atom common to three rings. The bases differ by their content of hydroxyl 

0 Hunt, J, Pharmacol. Expll. Therap., 28, 267 (1926). Hunt and Renshaw. ibid 

25, 315 (1925). 
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and methoxyl groups as well as the degree of unsaturation in the terminal 
six-membered carbon ring (A). 



XXII-3: CH 3 O, one double bond 
XXII-4: CH 3 O, two double bonds 
XXII-5: CH 3 O, OH one double bond 


In contrast to all other known bases, none of the erythrina alkaloids 
show an increase of curariform action when they are converted to the 
methiodides. In fact, their activity is decreased 95% by this procedure. 
Since the structure of erythroidine has not yet been established, it is to 
early to draw a valid conclusion from this apparent incongruity. 

The curarizing effect of N-alkoxyphenacylpiperidines (XXII-6) may 
be mentioned in this connection.*® The action of these tertiary amino 


CII 2 CH 2 


II.C 


NCH 2 CO 



OR 

\/ 



CII 2 CII 2 

(XXII-G) 



(XXII-7) 


ketones is more pronounced than that of the corresponding quaternary 
salts. It is interesting to compare these compounds with alkoxyphenacyl 
pyridinium derivatives (XXII-7) which have been found to have tumor- 
necrotizing ability (Chapter XXVH). 

The observation that /3-erythroidine potentiates the effect of d-tubo- 
curarine** points to the possibility of drug combinations in the curariform 
series. Not only alkaloids, but other drugs as well may enter into poten¬ 
tiating combinations. Thus, carbaminoylcholine in very small doses 
greatly enhances and prolongs the curarizing effect of /3-erythroidine.*^ 



CH2- 

(XXII-8) 





OH 


Wilkinson and Copp, British Pat. 617,709 (1949). 

Berger and Schwartz, J. Pharmacol. Expll. Therap., 93, 362 (1948). 
12 Unna, Kniazuk, and Greslin, ibid., 80, 39 (1949). 
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The alkaloid coclaurine (XXII- 8 ), although a secondary cyclic amino, 
has weak curare properties. This compound emphasizes the variety of 
structures capable of producing peripheral paralysis.*^ N-Methyl-emetinc- 
N ,N'-diethosulfate has also been shown to be one-fourth as active as 
tubocurarine in rabbits. 


III. CURARIFORM ACTION OF ONIUM SALTS 


The quaternary nature of the curare alkaloids led Brown and Fra.ser*'* 
to the conclusion that the peculiar action of these drugs was due to their 
onium structure. Later, Hunt and Renshaw*^ investigated a large number 
of quaternary salts and corroborated the correctness of this prediction. 
They found that curariform activity increases in intensity from tetra- 
methyl stibonium to tetramethylammonium salts as follows: (CH 3 ),iSb‘^< 
(CH 3 ) 4 +As < {Clh)J?+ < ( 0113 ) 38 + < (CIl 3 ) 4 N+. The tetraethylammo- 
nium ion has the least curariform effectiveness while tetramethyl- and tri¬ 
methyl-alkyl-ammonium salts are most active. Trimethylbutylammonium 
salts are almost equivalent to curare in pharmacodynamic tests. 

Whatever the exact nature of the reaction of (luaternary ammonium 
salts with cell constituents is, it must be similar or even identical for the 
many ammonium salts known to produce similar effects. The best ex¬ 
planation of this reaction is an ion exchange with potassium ions whose 
release at the parasympathetic synapse has been demonstrated experi¬ 
mentally. The release of potassium ions is intimately connected with that 
of acetylcholine, and ammonium ions are known to produce similar effects 
as potassium ions.'® 

Almost all organic ammonium salts exhibit muscarinic and nicotinic 
actions which interfere with their utilization in medicine. This feature 
can be overcome in some in.stances. Triethylbenzylammoriium [( 02115)3 
N(dl 2 CoH 5 l+ and triothyl phenethylammonium salts [(C 2 H 5 ) 3 NCHaCH 2 
C 6 II 5 I+ have pronounced curare, muscarinic and nicotinic activity. The 
two latter properties can be decreased by branching the carbon atom a to 
the ammonium nitrogen, e.g., [(C 2 n 5 ) 3 NCH(CIl 3 )CIl 2 C 6 H 5 ]+. This may 
be compared with the introduction of an a-methyl gi'oup into phenethyla- 


13 King, J. Che/n. Soc., 1381 (1935). 

13“ Lusslo and Kimuru, J. Am. Pharm. /Isscc., 39, 43 (1950). 
i‘ Brown and Fraser, Trans. Roy. Soc. Edinburgh, 25, 151,693 (1868-1869); Proc. Roy 
Soc., 6, 556 (1869); 7, 663 (1872). 

‘3 Hunt and Kenshaw, J. Pharmacol. Exptl. Therap., 25, 315 (1925). Renshaw and 
Bencowitz, J. Am. Chem. Soc., 47, 1904 (1925). 

1 ® Bovet and Bovet-Nitti, Structure et activite Pharmacodynamique des Medica~ 
ments dit Systhne Nerveux Vegetatif. Interscience, New York, 1948. on 701- 
706. 
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mine which stabilizes this compound against deamination by monoamine- 
oxidase.^^ 

Of unsaturated ammonium salts, only ethynyltrimethylammonium 
salts (CH=CN'''(CH 3 ) 3 X“) have definite curare action.^® Aromatic tri- 
methylammonium salts are much less active. When a negative charge is 
introduced into the same molecule, as in the betaines (XXII-9) and (XXII- 
10) pharmacological activity is sharply reduced. When the negative 


-02CCH2N(CH3)3 

(XXII-9) 


CHs CHs 


+1 + 


/Nx 


sycoo- 

COOCHg 

(XXII-IO) 

(XXII-11) 


charge is removed by esterification, the resulting anunonium salt (XXII-11) 
becomes curariform. 

A very large number of heterocyclic ammonium compounds, both of 
the aromatic (pyridinium) and saturated (piperidinium) type have been 
tested for curare activity. Most of them paralyze voluntary muscles, and 
this holds also for quaternary methohalides of several alkaloids. None of 
these compounds have been used since they have too low a margin of 
safety. 

The similarity of tetraalkylammonium salts with the quaternary 
anchoring group of choline, HOCH 2 CH 2 N'*'(CH 3 ) 3 *OH~, permits the pre¬ 
diction that curare-like properties will be detected among choline deriva¬ 
tives. Even choline itself exhibits weak curariform action, aside from its 
equally feeble muscarinic and nicotinic components. Simple alkyl ethers 
of choline (ROCH 2 CH 2 N+(CH 3)3 0H-) are predominantly curare-like, 
and ethers of thiocholine, for instance, (CH3)2CHCH2SCH2CH2N+(CH3)3* 
OH“, are powerful though brief-acting curariform drugs. 

Aryl ethers of choline, especially w-bis(/ 3 -triethylammoniumethoxy) 
benzene diiodide (XXII-12), m-C6H4(OCH2CH2N+(C2H6)3l-)2, are strongly 

curarizing and inhibit true cholinesterase.^® 

The 1,2,3-tris ether of analogous structure, CeHs-l,2,3-(OCH2CH2 
N+(C 2 H 6 ) 3 l") 3 , (Flaxedil) acts like curare but has little paralyzing effect on 

autonomic ganglia.^® 

" Alles, Univ. Calif. {Berkeley) Pubs. Pharmacol., 2, 161 (1944). 

Schmidt, Ann., 267, 244 (1892). 

Biilbring and Depierre, Brit. J. Pharmacol., 4 , 22 (1949). 

2 ® Mushin, Lancet, 1 , 726 (1949). 
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The quaternary carbamate, Prostigmin (XXI-39) paralyzes voluntary 
muscles only in large doses while its clinical use, the increase in tone of 
spastic muscles in myasthenia gravis and infantile paralysis, is based on 
exactly the opposite effect. The mechanism of action of this inhibitor of 
cholinesterase has been discussed previously. 


IV. BIS-ALKYLENE ETHERS, BIS-QUINOLINIUM SALTS 

AND DIATROPINE DERIVATIVES 


As indicated previously, d-tubocurariue blocks the nicotinic action of 
acetylcholine on the skeletal muscles but exerts little effect on autonomic 
ganglia, involuntary muscles, or glands. The same reasoning of correlat¬ 
ing interatomic distances of important molecular points which had been 
used with muscarinic stimulants and blocking agents can be applied to 
d-tubocurarine. The distance between the N-methyl group and the three 
oxygen atoms on the same tetrahydroisoquinoline ring of d-tubocurarine 
(XXII-2) is within a radius of 5 to 9 A, similar to the linear measure¬ 
ments between the analogous groups in acetylcholine. The two groups of 
ether oxygen atoms of d-tubocurarine average 9 A in their distance from 
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each other, and the two quaternary nitrogen atoms are 13 to 15 A apart,*^ 
Each “half” of tubocurarine thus resembles the spatial arrangement of 
atropine which give it an umbrella-like structure. However, it contains 
twin rows of the oxygen-nitrogen groupings instead of the single row in 
atropine. It seems, therefore, that the presence of two rows of “pros¬ 
thetic” groups may be responsible for the specific action of d-tubocurarine 
on the neuromyal junction which is lacking in atropine (XXII-13). 

In order to test this hypothesis, two quaternary diatropine derivatives 
were prepared and found to be highly effective and specific curarizing 
agents. In joining two methyl atropinium moieties via an alkylene ether 
chain (XXII-14), a five-carbon chain was chosen since Bovet“ had re¬ 
ported that compounds (XXII-15) and (XXII-16), which also have the 
two quaternary o-aminophenolic groups separated by a distance of 9 A, 
are curariform in doses resembling tubocurarine. Compared to atropine 
methonitrate (Eumydrin), the diatropine derivative (XXII-14) was 10 to 
25 times more effective. 


CHg—CH— 

/ u 

CeHeCHCOOCH CH3NCH3 


CH 


9A 


1 

\ 1 

CH2 

CH2—CH 

(CH 2)6 

I2- 

0 


j 

CH2 

CH2—CH 


CH2 


CH 


CgHbCHCOOCH CH3NCH3 



N(CH 3)3 


u- 


N(CH 3)3 


(XXII-15) 


\ I 

CH2—CH 

(XXII-14) 


CH 


C2H6 

I o—(CH2)6—O C2H6 




I.- 


(XXII-16) 

Kimura. Unna, and Pfeiffer. J. Pharmacol. Exptl. Therap ^>5, 149 (1949^ 

- Bovet. Courvoisier, Du-rot and Horclox^ ^ 

1733 (1947). Bovet, Compl. rend. soc. btoL, Ul, 979 ^1940 « 

and McG. Harvey, 41st Meeting, Am. Soc. Clm. Invest., May , P- 
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The diatropine derivative (XXII-17) in which the quaternary nitro¬ 
gens are connected by five carbon atoms is equally strongly curariform 
although the action of both (XXII-15) and (XXII-16) is less than half 
that of d-tubocurarine. A ten-carbon chain in place of the five methylene 
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groups in (XXII-17) should give a more efficacious drug since simple ali¬ 
phatic diquaternary diamines reach maximum curare activity when the 
distance between the two nitrogen atoms is 15 A as in tubocurarine.’^^ It 
has been suggested that this principle of dicjuaternization might be applied 
successfully to the antihistaminic agent, Benadryl, and other drugs ex¬ 
hibiting moderate atropine activity. 

The spacing of long alkylcne chains between basic ester groups also 
leads to curariform derivatives.^^ 

Further support is lent to this hypothesis by the finding of Cavallito-^* 
that bis-dialkylaminoalkylamino p-benzociuinones (XXII-18) exhibit strong 
curarimimetic activity. This is compatible with the idea that the two 
onium heads (*N) are located about 14 A apart. The other two (aliphatic) 
tertiary nitrogen atoms do not fit into this scheme; however, since opti¬ 
mum activity is reached when n is 4, the distance R 2 N(CH 2 ) 4 NHQu 

, . .. I_I 

(d=9 A) must have some relation to two acidic “receptor” groups of a cell 
substance. This could be a porphju-ine-metal complex (XXII-19) which 
has these two dimensions, and as a further analogy of this possibility the 
fact may be cited that 2,5-bis-dimethylamino-p-benzoquinone (XXII-20) 
forms copper complexes. 

Ihe relation of aliphatic chain length to various pharmacological 
manifestations of polymcthylene bistrimethylammonium salts, (CH 3 ) 3 N+ 
(CH 2 )n]S‘^(CH 3 ) 3 , has recently been studied.^^*' A sharp maximum for 
potency in ganglionic block was observed for n = 5 to 6; a maximum for 

Burlow and Ing, Nature, 161, 718 (1948); Brit. J. Pharmacol., 3, 298 (1948). 

Phillips, J. Am. Chem. Soc., 71, 3264 (1949). 

Cuvallito, Soria and Hoppe, J. Am. Chem. Soc., 72, 2661 (1950); Feder. Proc 9 

287 (1950). » V ;»•, 

Paton and Zaimis, Brit. J. Pharmacol., 8, 381 (1949). 
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potency in neuromuscular block occurred when n was 10. With twelve 
carbon atoms separating the two quaternary salt groups, a less well defined 
maximum for muscarine-like activity and anticholinesterase properties was 
seen. Incidentally, a rise in antibacterial and surface activity began for 
n = 12 and continued beyond n = 18 (see Chapter XLIII). 


V. GLYCERYL ETHERS AS MUSCLE RELAXANTS 

Numerous alpha-glyceryl ethers depress reflexes in the spinal cord in 
small doses and cause curariform peripheral paralysis in larger dosages.*^ 
Of the approximately 150 derivatives tested, the relatively non-toxic 
a-(o-tolyl)glyceryl ether (XXII-21) has been introduced into therapy under 
the names of Myanesin or Tolserol. It is prepared from sodium o-cresolate 
and l-chloropropane-2,3-diol and owes its medicinal value to its ability to 

o-CH 3 C 6 H 40 Na + CICH 2 CHOHCH 2 OH 

CH 3 

^0CH2CH0HCH20H 

(XXII-21) 

relax abdominal muscles without producing anesthesia. Since it blocks 
transmission of nervous impulses by acetylcholine at the upper ganglia, it 
can counteract effectively the tremors of Parkinsonism. These tremors can 

Berger and Bradley, Brit. J. Pharmacol., 1, 265 (1946). Lancet, 252, 97 (1947). 
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be treated to some extent with belladonna alkaloids but Myanesin lacks 
the mydriatic and desiccant side-effects of these drugs 

Myanesin is detoxicated rapidly in the body by oxidation of the ter¬ 
minal primary alcohol group to carboxyl. The resulting acid is then ex¬ 
creted. 

o-CHaCsHiOCHaCHOHCHoOH ^ 0-CH3C6II4OCH2CHOHCO2H 

Another drug containing the glycerol grouping is 2-methyl-2-n-amyl- 
4-hydroxymethyl-l ,3-dioxolane (Glyketal, XXII-22) which was recently 
described by Berger.^^ It has been used to relax muscles as an adjunct to 
surgical anesthesia, to abolish muscle spasm arising from inflammation of 
the cord in poliomyelitis, or from strychnine poisoning. Glyketal is about 
one-half more active, but also more toxic than !Myanesin. It is interesting 
to compare its formula with that of cannabadiol (XXII-23) which also 
produces ataxia at small dosages. Both drugs contain the —R 2 C—O— 
group in cyclic form. The non-cyclic diol, 2,2-diethylpropane-l ,3-diol, 
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Lott, Trans. N. Y . Acad. Sci., 22, 2 (1948); for further analogs of Tolserol, compare 
Yale, Pribyl, Braker, Bergeim, Bernstein and Lott, J. Am. Chem. Soc., 72, 
3710, 3716 (1950). 

” cf. Tnd. Eng. News, 27, 3140 (1949). Federation Proc., 8, 274 (1949). 
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appears to produce paralysis by affecting higher levels of the central nerv¬ 
ous system 

Myanesin-like central effects have been noted in screening certain 
antispasmodics and antihistaminics. Thus, Panpartit (XXII-24) and Di- 
parcol (XXII-25) have pronounced activity. 

In addition to its muscle-relaxing effects, Myanesin has also proved 
helpful in relieving anxiety, and producing sedation without sleepiness in 
psychiatric patients. It has been tested in “hangover” and drug with¬ 
drawal.^^ 

Berger, Russo and Ludwig, Federation Proc., 9, 258 (1950). 

29 Schlan and Unna, J. Ayn. Med. Assoc., 140, 672 (1949). 
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An tispasmod ics 

I. GENERAL ASPECTS 

Antispasmodics are drugs which decrease or aliolisli spasm, ])articu- 
larly spasm caused by a violent involuntary contraction of muscles. The 
normal functions of the muscles thus affected, and of the organs controlled 
by the spastic muscles, are usually (lisru])ted, and pain of often great severity 
is felt. By relaxing the spastic state, antispasmodi(*s relieve the pain and 
promote return of normal metabolic conditions. 

The therapeutic applications of antispasmodics are ])rincipally con¬ 
cerned with abolishing .spasms of involuntary structures, that is, mu.scles 
innervated by axitonomic nerves. For example, vi.sceral and uterine 
spasms, spasms of the ureter, the bile duct and the gall bladder may be 
relieved by these drugs. '^J'he .smooth muscles controlling the motions of 
these organs are innervated by postganglionic cholinergic nerves. True 
antispasmodics are capable of preventing or blocking cholinergic nerve 
stimulation, or the (mviscarinic) action of acetylcholine and similar para¬ 
sympathomimetic drugs on mu.scles or glands, by a direct action on these 
effector organs, without interfering with the production and release of 
acetylcholine. 

Depending upon whether they interfere with the parasympathetic 
mediator, acetylcholine, or act directly ui)on muscle cells irrespective of in¬ 
nervation, antispasmodics are sometimes spoken of as neurotropic, and as 
myotropic or mu.sculotropic. 15oth actions may be classified as cholinergic 
blocking, keeping in mind that the para.sympathetic nervous system is 
interpreted as exerting effects virtually indistingui.shable from those pro¬ 
duced by acetylcholine. Isolated muscles, such as a piece of gut or a 
virgin uterus, become spastic when suspended between registering hinges 
in dilute solutions of barium chloride, histamine or Pituitrin. This type 
of spasm simulates musculotropic spa.sm in the intact animal. Solutions 
of acetylcholine, on the other hand, reproduce in exci.sed muscles conditions 
similar to that observed in neurotropic spasm. Both types of spasm can 
be abolished by suspending the spastic muscle in a solution of a .suitable 
antispasmodic. The activity of the drug is proportional to the concentra¬ 
tion required to bring about complete relaxation. The majority of pharma¬ 
cologists suspend the muscle in the solution of the antispasmodic and meas- 
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ure its potency by the concentration needed to prevent occurrence of spasm 
produced by a standard amount of acetylcholine, histamine or barium 
chloride which is added to the solution. 

In connection with relief from histamine-caused spasm, it will be 
pointed out later (Chapter XXIV) that the mechanism of antihistaminic 
action is still obscure. An animal may exhibit violent bronchospasm 
after being treated with histamine and experience sudden and complete 
relief after subsequent administration of an antihistaminic drug. The 
latter can also protect the animal from often enormous doses of histamine. 
But there is no convincing evidence for the assumption that excessive 
amounts of naturally formed histamine produce clinical asthmatic and 
related spasms. Because most typical antihistaminic drugs possess some 
anesthetic properties, their effect on spastic body structures has been 
attributed to a general depressant action on muscles. This may be true 
of antispasmodics in general: the relaxation of a pathologically contracted 
involuntary muscle is obviously equivalent to depressant activity directed 
against violent over-activity. If antispasmodics are regarded from this 
broader viewpoint, their pronounced overlapping with analgetics becomes 
understandable (Chapter XI). On the other hand, evidence is accumu¬ 
lating to explain at least part of analgetic conductance as an operation 
located in the autonomic system. This may provide a better explanation 
for this convergence of activities in the same drugs. 

Spasms of the voluntary (somatic, skeletal, striate) muscles which 
receive their motoric impulses from the central nervous system are fre¬ 
quently synonymous with paralysis. Since acetylcholine is the recognized 
mediator of nerve impulses to skeletal muscles, paralysis of these structures 
may be due occasionally to a lack of acetylcholine produced at the motor 
nerve endings, or to a pathological increase in the muscle of cholinesterase 
which destroys the acetylcholine needed for normal functioning. Ad¬ 
ministration of acetylcholine, or preferably some less readily hydrolyzable 
analogs (Mccholyl, Furmethide, Prostigmin etc.) which compete with 
acetylcholine for cholinesterase, spectacularly relieves at least certain 
paralytic conditions, especially myasthenia gravis. It has also been postu¬ 
lated that in such paralyses some curare-like factor may be the pathological 
cause of the conditions. Although these mechanisms still need confirma¬ 
tion, they emphasize the difference of spasms of voluntary and of involun¬ 
tary muscles, and explain the inactivity of the usual antispasmodics in 
spasms of skeletal structures. The task of a synopsis of antispasmodics 
is therefore confined, by custom, to those drugs which abolish spasms of 

muscles with autonomic innervation. 

The clinician who sometimes has to make a rapid diagnosis of a spastic 
condition and must apply a suitable drug for its relief cannot be expecte 
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to consider the possible pathological mechanisms underlying the observed 
spasm. He would therefore be benefited by the availability of a drug 
which wouUl combine neiirotroj)ic and musculotropic properties. Much 
of the research in this field has been directed towards this goal. The ulti¬ 
mate value of an antispasmodic is estimateil even in screening tests I)}' the 
degree of its ability to prevent exj)erimental spasms produced by at least 
three pharmcodynamically different chemicals. 

Two well-kno\Mi alkaloids have long been accepted as standards of the 
two main types of antispasmodic activity. The opium alkaloid papaverine 
relaxes muscles made spastic b 3 '’ direct stimulation with histamine or barium 
chloride. It has become the standard for musculotropic antispasmodics. 
The alkaloid atropine is the prototj^pe of neurotropic parasympathetic 
blocking agents. It prevents spasm of smooth muscles inaugurated by 
acetylcholine, or by the equivalent excitation of parasympathetic nerves. 

A third alkaloid, scopolamine which is found in the shrub Henbane 
{Hyoscyamus niger) and eLsewhere is not often used now as a standard 
drug for comparison of antispasmodics Ijecause of its less important periph¬ 
eral, and more pronounced central activity. 

Unless antispasmodic activity is expre.s.sed as the concentration needed 
to overcome the effects of spa.sm-producing drugs or ions, it is often evalu¬ 
ated by comparison with papaverine and atropine. Xo useful drug has 
yet been found which rivals the cholinergic blocking jjroj^erties of atropine. 
On the other hand, a number of drugs having several times the activity of 
papaverine, and at the .same time a lower toxicity' than this opium alkaloid 
have come into use. 


II. PAPAVERINE 
1. Manufacture 

The isolation of papaverine from opium by G. Merck, its purification, 
the proof of its structure by Goldschmiedt, and the early syntheses by 
Pictet, by Spath and Burger, by Kindler and Peschke and others have 
been reviewed in monographs on alkaloids.* The compound is l-(3,4- 
dimethoxybenzyl)-6,7-dimethoxyisoquinoline (XXIII-l). Because the al¬ 
kaloid constitutes only 0.8% of opium, the natural supply from this source 
is inadequate to meet the demand for papaverine as an antispasmodic. 
Based on syntheses of originally purely scientific significance, several com¬ 
mercial syntheses of papaverine have been perfected. This is one of the 
few alkaloids which can now be produced by total synthesis from simple 

* Small and Lutz, “Chemistry of the Opium Alkaloids,” Supplement No. 103 to the 

Public Health Reports, U. S. Govt. Printing Office, Washington, D. C., 1932. 

Henry, The Plant Alkaloids, 4th ed., Blakiston, Philadelphia, 1940. 
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starting materials. In contrast to ephedrine (Chapter XIX), papaverine 
contains no asymmetric carbon atom, and the question of stereochemical 
separation of the S3'nthetic alkaloid does therefore not need to be considered. 

Only one process used in the commercial synthesis of papaverine has 
been divulged (Figure 1).^ 3,4-Dih3’^dropapaverine (XXIII-6) is manu¬ 

factured by a modification of the method of Kindler and Peschkefrom homo- 


CH.O 


CHjO 
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COCH, 


(NH.):Sr 


^XXIII-4) 

CH, 
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CIbO 
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COCl 
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^OCHs 
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(XXIII-3) 


CH,0 CHjCONH, 
CH,0 




I. HOH 


2. SOCl, 


(XXIII-3) 


Cn,Or/\^ CH, 




^NH 

CO 

I 

CH, 


CH,0 

CHaO 


POCI 



OCH, 



(XXIII-5) 


OCH, 

(XXIII-6) 


-2(H) 


CH,0 

CH,0 





(XXIIM) 

Figure 1. A Commercial Synthesis of Papaverine® 

veratroyl chloride (XXIII-3J and liomoveratrylamine (XXIII-2). The 
former is prepared from acetoveratrone (XXIII-4) by the Willgerodt re¬ 
action and subsequent treatment with thionyl chloride. 

The amide (XXIII-o) is cyclized witli phosphorus oxychloride, the 

®Milliken, Shaw, Ferguson, and Waldo, Fli Lilly and Co 

private communication, m press. Kindler and Peschke, Arch. Pharm., 272. 

236 (1934). 
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crude 3,4-dihydropapaverine (XXIII-6) washed with caustic and witli 
water, and the dried material is deh 3 'drogenated with palladized cliarcoal 
catalj'st in decahj'dronaphthalene solution at 105°. 

2. Uses 

Papaverine is used clinicallj' as tlie hydrochloride in doses from 10 to 
80 mg. depending on the route of administration. Tlic drug relaxes the 
smooth muscles of l)lood vessels, j)articularl 3 ’ the coronaiy arteries, as 
well as those of the bronchi, the viscera, the ureter and the gall bladder. 
Relaxation is more pronounced if these muscles are spastic. Therapeutic, 
indications for papaverine are arterial embolism and other spastic condi¬ 
tions of the peripheral or pulmonai\v arteries. Papaverine causes dilation 
of blood vessels, and has been used .suece.s.vfully to prevent gangrenous 
conditions, for in.stance, in ergotism (C'hapter XX). 

The relaxation bj' papaverine of smooth muscles other than tho.se of 
blood ve.ssels is not alwaj's as reliable, and atrt)pine and its S3’nthetic con¬ 
geners are used more wideh' for such purposes. 

Spastic conditions arc imxluced not onl 3 ' 1)3' peripheral nervous di.s- 
orders, but ma 3 ' be conditioned l)\’ su])erim|)osition of central ner^■ous im¬ 
pulses. A i)atient sutTering from spastic colitis or angina pectoris will 
iindoubtcdl 3 ' woriy about his condition, and 1 ) 3 ' this tax on his central 
nerv'ous system aggravate his peripheral .spasm. Therefore, anti.spasmodics 
are frequently administered in conjunction with sedatives or In'pnotics. 
Molecular combinations of j)apaverine and diethyl barbiturate, papaverine 
and diprop 3 'l barbiturate, i)a])averine and phcnobarl)ital (Pavemal), etc. 
are based on this principle. 

III. STRUCTURAL VARIATIONS 


1. Variations of Ether and Benzyl Groups 

Papaverine and related isociuinolinc derivatives are vcr 3 ' weakly ba.sic; 
the salts of the alkaloid react acidic, are easily lydroh'zed and cannot be 
injected without pain. The alkaline bod 3 ' fluids precipitate the virtually 
insoluble base at the site of injection, and this reaction retards absorption 
and thereb 3 ' doe.s not alwa 3 's give reproducible results. These facts, 
coupled with the low solubilit 3 ' of the salts of papaverine, have prompted 
the desire to prepare antispasmodics which would not possess these disad¬ 
vantages. The chemical modifications designed to bring about these im¬ 
provements have been concerned (a) with alterations of the aromatic ether 
groups, (b) with changes at the extrac 3 'clic methylene portions of the di- 
methoxybenzyl group, and (c) with substitution or reduction of the hetero 
ring. 
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Systematic replacement of the four methoxyl groups of papaverine 
by ethoxyls leads to moderately improved alkaloidal drugs, but the tetra- 
ethoxy analog, Perparine (XXIII-7), is said to be three times as active, 
and only one-third to one-half as toxic as papaverine.® 

C2H6 
C2H5 

(XXIII-7) 



It might be expected that minor changes in the methylene bridge con¬ 
necting the two ring systems would not seriously affect the pharmacological 
properties of papaverine. However, papaverinol (XXIII- 8 ) and papaver- 
aldine (XXIII-9) are too toxic to permit much testing in animals. The 
less closely related opium alkaloid narcotine (XXIII-10) is pharmacologic¬ 
ally similar to papaverine but is not used because of its toxic effects. 


CH3O 
CH3O 

X 

[^OCHa 

OCH 3 




(XXIII- 8 ) :X = CHOH (XXIII-10) 

(XXIII-9): X = CO 


Some of the most effective antispasmodics in the papaverine series 
have been obtained by substituting position 3 with methyl. Starting with 
alkoxy substituted / 3 -phenylisopropylamines, such compounds (XXIII-ll) 
can be synthesized by the Bischler-Napieralski isoquinoline synthesis and 
subsequent dehydrogenation. Of the many variations he tried, Fodor 
found the 3-methyl homolog of papaverine (XXIII-12) most active.^ His 
variations included compounds containing alkyl ether and methylenedioxy 
groups both in the 3 -methylisoquinoline portion and in the benzyl ^oup. 
In addition, several dialkoxyphenyl (R' = (RO) 2 C 6 H 3 -) and dialkoxy- 

3 Issekutz, Leinzinger, and Dirner, Arch, exptl. Pathol. PharmakoL, 164. 158 (1932). 


Wolf, French Pat. 719,638 (1932). 

* Fodor, Chem. Abstr., 32, 2124 (1938). 


Fodor, Ber., 76, 1216 (1943). Bruckner and 


Fodor, Ber., 71, 641 (1938). 
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Cll 30 \^ 

OCII3 

(XXIII-12) 




(XXIII-13) 


phenethyl (R'= (RO) 2 CcH 3 CH 2 CH 2 -) derivatives were tested, and their 
activity led to the conclusion that the 1-benzyl group was not essential 
for activity, since several 1-phenyl derivatives were more potent. 6,7- 
Dimethoxy-l-(3,4,5-triethoxyphenyl) isoquinoline (XXIII-13) used under 
the name Octaverine, bears out this observation. 


Clia 

ciko/N'^ \ 


CHsO 




Cl 


CH2 

I 

NH 2 


CO 



CjHbO 




OC2H5 


OC 2 HB 

(XXIII-14) 


CII 




CH3O 




CII2 

NH 


C 2 H 6 O 


CO 

A 


X^OCsHb 

OCsHfi 


1. POCI 3 

2. — 2H 


(xxrn-is) 



410 


CHAPTER XXIII 


This compound, as well as the trimethoxybenzyl derivative, are acces¬ 
sible from the corresponding ethers of gallic acid (XXIII-14).'‘ 


2. Eupaverine 

Kreitmair® luid arrived at similar results when he tested several 3- 
methyl-G ,7-methylenedioxyisociuinoline derivatives (XXIII-14) carrying 
aryl and aralkyl as well as pyridyl groups in position 1. Table I shows 
that a simple phenyl or 3-pyridyl group in this position furnishes compounds 

TARLE I. Papaverine Analogs’ 
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Jcih 


(xxrii-14) 


II 

Spasmolytic 

R 

Spasmelytic 

Activity 

Activity 

— ('Ii.,(:oii3(0(:ir3)..(3,i) 

1 

—ClbCoIU 

2.5 

CXXIII-l) 




—cn.cai 3 (o,('iE)( 3 .i) 

2.5 

-CeHs 

25 

(XXUMG) 




-G,-,Hn(02C!I.)(3,4) 

(Xxin-15) 

2.5 


20 



(XXIII-17) 



more than 20 times as potent as papaverine. Two of his compounds which 
were 2.5 times as active as papaverine had very favorable therapeutic 
inflices and were introduced into therapy as Xeupaverine (XXIII-I5j and 
Eupaverine (XXIII-llb. iMipavcrine has become the most important 

synthetic papaverine-type drug in Europe. 

It is interesting to compare the high activity of the pyridine derivative 
(XXII1-17} with the much lower effect (2 to 5} of the /^#-picolyl i.somer 
(XXIIM7a).« 

S Slotta, AiiQew. Chem.. 46, 700 (Umj. riicniisrho Fjihrik Asta A. Cl., ?’ronfh PaC. 

7G0.S2O (1!)34). KllinKfr, Kosrhara. and Soorar, Klin. Woch.'^chr., 13, 411 (1034). 

^ Kroitmair, Arch, exptl. Pofhot. l*hnnnnk'>( 164, 500 (10.32). 

’ Merck, German Pat. 013,C)05 (1035). 

* Xoller and Azima, J. -l/n. Chon. «Soc., 72, 17 (10.50). 
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Eupaverine is synthesized® by condensing piperonal (XXIII-lg) with 
nitroethane under the influence of sodium methoxide. The nitro ether 

is reduced, and the resulting l-aryl-l-methoxy-2-methyl- 
2-aminoethane (XXIII-20) condensed with piperonyl chloride and cyclized 
with phosphorus oxychloride in toluene solution. 

An alternative synthesis follows the standard path of cyclizing a 
phenethyl phenylacctamide to the corresponding 3,4-dihydroisoquinoline 
derivative. The amine (XXIII-22) required for synthesizing Eupaverine 
is obtained readily from safrol (XXIII-21) by adding HBr and aminating. 


(XXIlI-21) 


H^C 





CH2CH=CH 


HBr 





CH 2 


H2C 

\ 


(XXIII-22) 


CPICH3 

NH2 


3. Variations of the Hetero-Ring 

Omission of the ether groups may not abolish antispasmodic activity 
(XXIII-23). On the other hand, l-phenyI-3-methyl-6,7-methylenedioxy- 
3,4-dihydroisoquinoline (XXIII-24) has no spasmolytic properties but 
causes an increase in muscle tone instead. 





(XXIII-23) 


[Activity: 12.5] 



CH 


(XXIII-25) 



CH3 
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CHCH3 
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(XXIII-26) 


® Wolfes and Dobrowsky, German Pat. 556,709 (1932). 
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The generic relation of 3-methyl substituted 3,4-dihydroisoquinolines 
(XXIII-25) and of the adrenergic and centrally stimulating /3-phenyliso- 
propylamines (XXIII-26) made a closer study of the former type desirable. 
Several compounds in this series*” (R = Cells, —CPI 2 C 6 II 5 , —CH 2 CH 2 - 
CeHe) relax spasm induced both by acetylcholine and barium chloride. 
Moreover, they are much less toxic than papaverine in mice. The anti- 
spasmodic effect against acetjdcholine-induced spasm is unexpected. The 
other papaverine analogs discussed above are all principally musculotropic 
in their action; the 3-methyldihydroisoquinoiines represent a transition to 
atropine-type neurotropic compounds. 

By condensing 3,4-methylenedioxybenzylamine with two moles of 
formaldehyde and one mole each of acetone and cyclohexanone, a base of 
structure (XXIII-27) is formed. This derivative of a fully hydrogenated 
isoquinoline combines low toxicity with about one-half the antispasmodic 
activity of papaverine.** 


OH 



(XXIII-27) 




OR 



OR 


OCH3 

(XXIII-28) 

R = CH3: Galipine 
(0R)2 = O 2 CH 2 : Cusparine 


It is questionable whether the isoquinoline ring system is an essential 
feature of all the antispasmodics in this group. The angostura alkaloids 
(XXIII-28) which contain a quinoline ring substituted by phenethyl groups 
in the 2-position, have weak papaverine-like properties.*^ The success of 
the “open-(*hain” amines de.scribed below lends further credence to that 
assumption. 


IV. ANTISPASMODIC AMINES 

Compounds containing saturated rings often retain their physiological 
activity if the rings are opened. Tetrahydropapaverine (XXIII-29) acts 
qualitatively like the parent alkaloid but is weaker in its action. Rosen- 

Cunningham and Fellows, Federation Proc., 1, 148 (1942). 

" Mannich and Ilieronimus, Ber., 75, 49 (1942). 

1 * Krakau, Kgl. Fysioyraf. S&lhkap. Lund, Forh. 15, 289 (1945); Chern. Abslr 43, 
3527 i (1949). 
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mund studied the possibility of replacing the tetrahydroisoquinoline 
nucleus by an open chain. The bis-(dimethoxyphenethyl) amine (XXIII- 
30) synthesized for this purpose actually exhibited weak antispasmodic 
properties against experimental spasm precipitated by barium ions. About 
140 \aiiations of this structure were carried out, and certain overall regu¬ 
larities became apparent in this series. Di-phenethylamine [(CeHeCHa- 
0112 ) 2 X 11 ] may serve as a reference material for this discussion. 
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(XXIII-29) 


(XXIII-30) 

Nuclear alkylation increased antispasmodic activity, and so did N- 
alkylation except for X-methylation which decreased this property slightly. 
A significant rise in activity was noted when the aliphatic carbon chain was 
lengthened, the optimum being reached in bi.s-(-Y-phenylpropyl) ethylamine, 
[( 061150112011 . 0112 ) 2 X 02116 ] which exhibited 2.3 times the activity of 
papaverine and was distinguished by its low toxicity. The compound 
was introduced into clinical use under the name of Sestron (XXIII-31). 
It may be synthesized'^ by heating 7 -phenylpropyI chloride and one-half 
mole of ethylamine in the presence of KOI! at 120° for one day. y-Phenyl- 
propylcthylaminc is formed as a by-product of considerably lower boiling 
point. 

06115 ( 0112)301 + O 2 H 6 NII 2 KOH 


06115(0112)3X1102115 -f- (C 6 H 50 H 2 CIl 2 CH 2 ) 2 NC 2 H 6 

(XXin- 31 ) 


Branching of the carbon chain by alkyl, phenyl or methoxyl produces 
compounds (XXrir-32, 33 and 34) which have three to four times the 
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Buth, Kulz, and Rosenmund, Ber,, 72, 19 (1939). Kiilz, Rosenmund, ayser, 
Schwarzhaupt, and Sommer, Ber., 72, 2161 (1939). 

Kiilz and Rosenmund, Klin. Wochschr., 17, 345 (1938). 
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activity of papaverine but the toxicity of these derivatives is increased 
accordingly. 

Similar compounds having tertiary amino groups (ArCH^NCCIIa)- 
CH 2 CH 2 Ar) have been found to have valuable antifibrillatory properties. 

Other simple aliphatic amines have activities up to almost four times 
that of papaverine. 2,2,2-Tributylethylaminc [(C 4 ll 9 ) 3 CCH 2 Nri 2 ] and 
triamylethylamine [(C 5 Hii) 3 CCIl 2 Nll 2 ) represent the optimal compounds 
in a series of primary aliphatic amines.*® 

Unsaturated and saturated cyclic and aliphatic amines, such as: 

(CH3)2C=CIiCH2CHoCH(CH3)NH2; (CH3)2Cn(CIl2)3CIINH2 ; 

Clla 


CII=CII 

\ 

CIICIl2Cri(CH3)NH2, 

/ 

CII2CH2 


and similar secondary methyl- and allylamincs approach papaverine 
in activity.*’ One compound of this group, Octin (XXIII-3.)), is said to 
have a considerably longer duration of action than papa\'erine, and while 
its antispasmodic effect is qualitatively similar to that of papaverine, it 
also exhibits sympathomimetic properties. 

CH3C0(CH2)2CH=C(CH3)2 + II2NCII3 

-> CH3C(=NCIl3)(CIl2)2CII=C(CPl3)2 

(XXlU-36) 


CH3CHCH2CH2CH=C(CH3)2 

I 

NHCH3 

(XXIII-35) 

Octin is the acid tartrate or hydrochloride of 2-methjdamino-6-methyl- 
heptene-5. The drug is synthesized by reducing the methylimine of 2- 
methyl-2-hepten-6-one (XXIII-36) with activated aluminum and alcohol.^* 

Isoamylamino-6-methylheptane (zso-C5HiiNH(CH2)6CH(CH3)2) has 

Surrey, Mooradian. Cutler, Suter, and Buck, J. Ain. Chem. Soc., 71, 2421 (1949). 
DiPalma, Lambert, Reiss, and Schults, J. Pharmacol. Exptl. Therap., 98, 251 
258 (1950). 

Junkman, Arch, exptl. Pathol. PkarmakoL, 195, 175 (1940). 

Hesse, Niedenzu, and Zeppmeisel, Klin. Wochschr., 15, 1164 (1936). 

“ Klavehn, German Pat. 617,536 (1935). 
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been recommended as an effective, rapidly eliminated spasmolytic of low- 
toxicity 

A series of about 75 alicyclic-aliphatic amines bearing close resemblance 
to the phenylalkylamines tested by Rosenmund has been reported by 
Blicke. Some of the most active compounds are listed in Table II.*» No 
generalizations about progressive changes of antispasmodic activity in 
relation to systematic changes in chemical structure were found in this 

gi oup of compounds, and the introduction of one of them, Cyverine, rested 
on a purely empirical basis. 

T ABLE II. Antisp asmodic Cycloalkyl Alkylamines and Related Compounds*® 

CaH.iCCHshNHC^Hg 

CcIIiKCHjLNHR C7TI16, CsHu) 

(C 6 H„CH 2 CH 2 ) 2 NH 

(C8HiiCH 2CH2)2NCH3 (Cyverine, XXIII- 37 ) 
CeH,,CH(Cri3)NH(CH2)2C6Hu 

(C6l-IiiCH2CH2)2NR (R = Pr, t-Pr) 

(C6H9CH2CH2)2NC6H„ 

( 3 -[or 4-]-CH3 C,HioCH2CH2)2NCH, 

C«HuCH2CH2N(C2n6)CH2Ceni, 

C6H„CPl2CH2N(C2H6)CH2CH2C6Pl6 

[C6H„CH2CH2N(CH3)CH2]2CH2 

[C8H„CH2CIl2N(CH3)CH2]2 


Cyverine, methyldi-^-cyclohexylethy 1-amine (XXIII-37), may be re¬ 
garded as an alicyclic analog of the 1-benzylisoquinoIine alkaloids in which 
the heterocyclic ring has been ruptured. It has been synthesized by two 
routes. One (a) utilizes the reaction of /3-cyclohexylethyl bromide with 
methylamine in the presence of sodium carbonate at 150°, while in the 
other procedure (b) /3-cyclohexyIethyl bromide and ^-cyclohexylethylamine 
are allowed to react under similar conditions. 

The structures of many of these antispasmodic amines bear no little 
resemblance to those of typical sympathomimetic amines. Several of 
them do have adrenergic properties as shown in Chapter XIX. No at¬ 
tempt will be made here to include epinephrine, ephedrine, Isuprel and simi¬ 
lar potent bronchodilators in this account although these sympathomimetic 
amines possess powerful antispasmodic properties in asthma. Their mode 
of action, however, is different from that of the antispasmodics under con¬ 
sideration, in that they stimulate sympathetic nerves, and impose upon the 

Savini, Arch. ini. pkarmacodyn. therap., 82, 127 (1950). 

Blicke and Monroe, J. Am. Chem. Soc., 61, 91 (1939). Blicke and Zienty, Am. 

Chem. Soc., 61, 93, 771 (1939). 
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(a) 2 CeHii(CH2)2Br + HoNCH 


(b) C6H,.(CH2)2Br + H2N(CH2)2C6H„ 
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(XXIH-37) 

parasympathetically constricted vessels a different and often greater 
lelaxation. Ihe true antispasmodics abolish spasm by inhibiting not bv 
overcompensatmg, cholinergic stimulation. ^ 

V. THE ANTISPASMODIC ESTERS 

inhibTttnTf1J“'''''‘’'f property for internal medicine is the 

“Sir™' 

1. Atropine 

have contributed to the 

nam^roS “Ira^° ^” “xt 

the great toxicity and undesirable syste^rsidf'’ff f '^' ug; 

Atropine (XXUI-mtfZi medicine. 

(XXHI-40). a™ be Hydroi;.!d^“\h^^^ 

occurs in the racemic form accompanied 1 r The alkaloid 

(-)-isomer. hyoscyamine; it is ProbablesZe^TrSlt 
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during the extraction process. The only asymmetric carbon atom which 
makes atropine resolvable resides in tropic acid; the two asymmetric carbon 
atoms of the tropine moiety in positions 1 and 5 compensate, and the sym¬ 
metrical molecule of tropine cannot be resolved. 


CHj CHj 
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CHjOH 


(XXI11-38) 


(XXIII-39) 


+ IIOzCCHCeHs 
I 

CHjOH 

(XXIII-40) 


Troj)ine was first s^uithcsizcd by Willstiitter, and later by Robinson 
and others. The synthesis of tropic acid, and of atropine from its com¬ 
ponents was achieved by Ladenburg. The reactions involved in these 
syntheses arc classics of alkaloid chemistry, and may be found in standard 
texts.All of the atropine of commerce is obtained from the crude mixture 
of atropine and hyoscyaminc by racemization with dilute alkali. 


CH, 



OCOCIICeHj 

I 

CHiOH 

(xxin- 41 ) 

Atropine is often accompanied in the plant by the alkaloid scopolamine 
(XXIII-41), the tropic ackl ester of scopine. The latter differs from tro¬ 
pine by an irane ring of which carbons G and 7 are part. 

Atropine and scopolamine are autonomic blocking agents which abolish 
all the muscarinic effects of acetylcholine and other cholinergic drugs by 
acting directly on the effector cells of secretory glands and smooth muscle. 
Besides the.se peripheral effects, the belladonna alkaloids stimulate the 
central nervous system; this action is followed by central depression. Atro¬ 
pine and scopolamine differ in the quality and sites of their central action 

20 Small, in Gilman, Organic Chemistry, 2nd ed., Vol. II. Wiley, New York, 1943, 
pp. 1194 - 1108 . 
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and lend themselves thereby to different therapentic applications. Sco¬ 
polamine has been u.sed to sedate and calm patients sufferinf; from excited 
states, as a truth serum to obtain confessions from criminals and neurotics 
and m the production of twilight sleep in obstetrics in comliination with’ 
analgetics. I arkinsonism and other paralytic conditions accompanied by 

I he toxicity of both alkaloids presents a constant danger in these ap¬ 
plications, since their margin of .safety is low. Moreover, the peripheral 
actions of atropine come to the fore, and although they are in themselves 
ise ul m certain conditions, they appear as undesirable side-effects when 

system *'“■ of the central nervous 

t.,ri Pei->Pheral activity of atropine is expressed bv preventing invohin- 
taij muscles and glands from responding to cholinergic stimiilaUoii Be 

n-i hef ^ atropiiiization resembles often an overactivitv of the sym 

pathetic nervous sy,stem, or an over-abundance of eiiinephrine 

mmmm 

iiis^sgHsp 

intestinal spastic disorders can he imn,- - i ’’ ^ ^nd other 

Excessive bed-wetting in children when Tused"l"'^'""“''*^ T’ 
bladder and vessels, responds u ell ’to atropine aT P' inary 

tions lend themselves to treatnTTX reffTTvXT^^^ 

worries about a spastic state The ' a patient who 

has been discusseTt eoXection wT.TITTT 

verine. connection uuh the therapeutic activity of papa- 

2. Structural Variations 
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acid has facilitated this operation, since each of the two components can 
be varied over a wide range. Esterification of the different acids and 
ammo alcohols from these experiments has made possible the synthesis of 
long series of analogs in which small progressive structural changes could 
be evaluated carefully. The bulk of this work has been carried out during 
the past fifteen years. 1 he ultimate goal, not yet attained, would be the 
preparation of a drug wliich would combine atropine-like activity and po¬ 
tency with the musculotropic features of papaverine. 

In approaching permutation of the molecular structure of atropine, 
two fundamental assumptions were made. First, since tropine itself has 
no noteworthy spasmolytic activity, it could be regarded functionally as 
an amino alcohol, and its bicyclic architecture could be looked upon as 
incidental. While it is true that the esters of many simpler amino alcohols 
possess antispasmodic properties, the acid portion of these simpler esters 
had to assume complex proportions in almost all of the more active drugs. 
It has even been suggested that the roof- or umbrella-like shape of the atro¬ 
pine molecule must be preserved in one or the other section of the amino 
esters, if not in the alkamine portion then in the acyl moiety. It is too 
early to say whether these predictions will be borne out by experiments, 
but no antispasmodic has yet been found which has more than one-half 
the activity of atropine, especially against intestinal spasm. It may be 
that powerful antispasmodic action is specifically allied with atropine-like 
structure from which one cannot deviate without considerable loss of 
pharmacodynamic action. 

The second a.ssumption in altering the structure of atropine was to 
consider tropic acid as a branchcd-chain phenylacetic acid, and to vary the 
distance between the carboxyl and phenyl groups, as well as the side-chain 
at the aliphatic position in every conceivable way. Some of these permuta¬ 
tions have been restricted to relatively close analogs of tropic acid, but 
chemical imagination has taken others far afield, and only a superficial 
relation to tropic acid has been preserved in some of the modifications. It 
is a tribute to the tedious task of systematic structural alterations that 
several fairly useful antispasmodics have resulted from these researches. 

a. Esters of Tropine 

In this group are to be mentioned esters of tropine with acids (tro- 
peines) other than tropic-acid, as well as compounds in which the configura¬ 
tion of of tropine has been reversed (pseudotropine). Several compounds 
having quaternary nitrogen atoms in the tropine portion also belong here. 

The mandelate ester of tropine has been found to be a successful my¬ 
driatic and is widely used in ophthalmology under the name of homatropine 
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(^111-42). It IS somewliat weaker and less toxic than atropine, and tlie 
absence of several of the systemic side-effects of atropine on glands is of 
particular advantage for local application to the eye. llomatropine is 
less irntatmg than atropine, and paralyzes the accomodation mu.scles for 
a briefer period than the latter; consequently, normal \-ision is regained 
more rapidly, a great advantage after routine ophthalmological measure- 

1X1011 


CH, 



OCOCHOHCJl 

(XXIir-42) 


(CH,), • Br- 



OCOCHOHCeH 

(XXIII.43) 


Quaternization of the tertiary nitrogen atom of llomatropine furnishes 
he drug Novatrin (XXIII-43) or homatropine inethobroU its 
activity and toxicity are about the same as those of atropine 

nnH announced the results of tests with esters of tropine 

and diphenylacetic acid (XXIII-44) and fluorene-9-carboxylic acid (I^nit 

45 They are said to be one-fourteenth as active as atropine and one 

Such drugs, if sufficiently non-toxic would 
pproach the properties of a very desirable antispasmodic.^* 


CH, 

• N. 




CH,N 


OCOCH(C,H,) 
(XXIII-44) 




> 


OiCCK 



CH,N 


N 



CH, H OH 

b,CC(C.H.), 


(XXIII-45) 


(XXIir-46) 


Ihe cliphenylglyoxj'late of pseudotropine (XXlir 4 fi'i ,*o u i 
active and more toxic than atropine.^ ^ ^111-46) is much less 

and£:pr-N3 rotrSne”^ STrui ha^bee^n 
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b. Amino Alkyl Esters of Tropic Acid 

Working with synthetic DL-tropic acid, some of the early investigators 
m this field attempted to prepare suitable antispasmodics. Diethylamino- 
ethyl tropate (XXni-47) is about one seventh as active as atropine, and 
one twentieth as potent as papaverine.^^ The only compound in this series 
which has been used clinically is Syntropan (XXIII-48) but although its 
toxicity IS relatively low, its potency is also of a minor order.^^ 

(C2H5)2NCH2CH202CCH(CH20H)C6H6 

(XXIII-47) 

(C2H5)2NCH2C(CPl3)2CH202CCH(CH20H)C6H6 

(XXIII-48) 

C6H6CHC02CH2C(CH3)2CH2N+(C2H6)3Br- 

CH 2 OCOCII 3 

(XXIII-49) 


Acetylation of the primary alcohol group of tropic acid seems to have 
a beneficial effect on neurotropic acti\'ity. The compound corresponding 
to Syntropan, havinga quaternary nitrogen atom (XXIII-49), has one-half 
the activity of atropine. 

The drug Navigan is /3-piperidinocthyl acetyltropate (XXIII-50); 
it inhibits completely contractions of the rabbit intestine caused by pilo¬ 
carpine and acetylcholine in a dilution of 1 :300,000.2® Like other esters 
in this group, it is used mainly as a mydriatic agent. 

CII 2 CH 2 


C^cHsCHCOaCIIaClEN 


CII2OCOCH3 CH2CH2 

(XXIII-50) 


CH 


Etherification of the —CTLOII group of tropic acid, or dehydration to 
a-phenylacrvlic acid, C 6 ll 5 C(=CTl 2 )COOH, produces acid moieties from 
which ncurotropically weakly active aminoalkyl esters can be derived. 
However, the papaverine-type action is slightly increased, an indication, 
that omission of the alcoholic hydroxyl group can lead to qualitatively 
altered antispasmodics. 


Burtner and Cusic, J. Am. Chem. Soc., 65, 262 (104.3). 

2' Fromherz, Arch, exptl. Path. Phnrmakol., 173, 86 (1033). 
Toda, Arch, exptl. Path. Phannakol., 146, 313 (1929). 
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c. Esters of other Hydroxy Acids 

Basic esters of mandelic, and of benzilic acid have I)een studied most 
widely in this senes. Tiie preparation of such compounds used to be 
complicated because the most profitable mode of esterification, treatment 
of the ammo alcohols with acid chlorides, was not aiiplicable to acids con¬ 
taining alcoholic hydroxyl groups. This difficulty has been overcome re¬ 
cently by a base catalyzed method of alcoholysis. The readily accessible 
ethyl esters of the hydroxy acids are heated with amino alcoliols in the 
presence of catalytically small amounts of sodium alkoxides.^^ 

On the whole, the basic esters of mandelic acid are too ineffective to be 
01 practical use, although one of them, Eucatropine (Euj)hthalmine, XXIII- 
51), IS used as a mydriatic. iMuch more attention has been paid to'esters of 

CII3 


(CeIl6)2CC02CIl2Cn2N(C2ll5) 


CH 2 CH 

CellsCIIOHCOsCH \cn 

y 

ClUCiClUh 

(XXIII-51) 

OH 


OH 


(XXI11-52) 


(Cjr5)2CC02CH2C(CH3)2CIl2N(C2lh)2 

(XXIH-53) 

benzihc acid, some of which are as active as atrojiine against acetylcholine 
mmiccf experimental spasm. Diethylaminoethyl benzilate (XXin-5‘>) is 
.4 times as active as papaverine; a more complex ester (XXIII-53) is as 
active as atropine but also twelve times as toxic. 

d. Aminoalkyl Esters of Aryl Aliphatic Acids 

Many hundreds of compounds of this general structure have been 
studied as potential antispasmodics, following the lead that /3-diethylamino- 

"iMeior, Khn. Wochschr., 15, 1403 (1936). 
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therapeutic properties in Parkinsonism (paralysis agitans) wliich is seen as 
a frequent sequel to the virus-caused lethargic encephalitis (epidemic sleep¬ 
ing sickness). The drug has become known under the name of Artane or 
trihexyphenidyl (XXHI-S?).-*^ 

Celle OH CH2CH2 

\ I \ 

CCH2CH2N CH, 

CoHii 


(XXIII-57) 


CsHs 


CHC02CIl2CIl2N(C2ll6;2 


re-CsHj 

(XXin-58) 

Esters of simple aliphatic acids do not exhibit antispasmodic activity 
unless the acid contains at least six carbon atoms. Substitution of the 
a.omatic nuclei of diphcnylacetic acid derivatives by nitro or amino groups 
a iidishes activity. In the series of a-phenylaiiphatic acids (H=C 6 H 5 
alkyl), a-phenylvalcric acid presented the ojitimum acid portion for 

asToS:: (XxTiEos]'.'" is known 

p-CGlIeCelb 011002(0112)2X06111 0 (XXIII- 59 ) 


OH 


a-CioH7CIIC02Cri2CH2N(C2H6) 


(XXIII-CO) 


02 H 6 

a-Cion7CHC02(CH2)2NC5Hio 


(XXIH-Gl) 


C 2 H 6 

«-CxoH7CHC02(CH2)3N(C2He)2 


(XXHI-62) 


Oelle 


Celle 




CH 2 C 02 (CH 2 ) 2 N(C 2 He) 


(XXIH-63) 


“ ° .and Constable, Md., 140. 
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Variations of the structure of di- and trisubstituted acetic acids were 
performed by remaining within the approximate ranje of the molecular 
weight of esters of diphenylacetic acid but concentrating the bulk of the 
weight in one substituent. Examples were the four esters of a-(p-xenyl- 
propionic (XXI11-59) and substituted a-naphthylacetic acids (XXIII-OO, 
XXIII-bl, and (>2) wliich had atropine activities of 2 to 10 (atropine = 
100) On the other hand, the o-biphenylacetic acid derivative (XXIII- 
63) possessed an activity equal to papaverine while its atropine-like action 
was negligible.'*^ 

An interesting “bio-isosteric” modification of the structure of diphenyl¬ 
acetic was proposed by Burtner and Cusic.'**^ By joining the o-positions 
of the two phenyl groups, fluorenc-9-carboxylic acid can be designed; many 
dialkylaminoalkyl esters of this acid exhibit up to 14% of the action of 
atropine on acetylcholine induced spasm, and up to 160% of the effect of 
papaverine on histamine-produced spasm. The pharmacologically optimal 
drug of this series is dicthylaminoethyl Huorene-9-carboxylate which is used 
under the clinical name of Pavatrine (XXIII-64). 



CHC02CIl2CIl2N(C2ll6)2 



(xxin-r)4) 


'Die idea of linking the two phenyl groups at the ortfio positions can be 
varied in many ways. Typical examples are 9. lO-dihydroanthraccnc-O- 
carboxylic acid, dihenzopyran-IO-carboxylic acid, dil)cnzothiapyran-10-car- 
boxylic acid, and 5-metliyl-wc.se-flihydroacridine-IO-carboxylic acid. A few 
basic esters of the.'^e acids are listed in Tables I\'. 

A fairly constant correlation of papaverine-type (myotropic) anti- 
spasmodic a<‘tivity with local anesthetic action was observed among these 
compounds.'® On the other hand, atropine-like activity shows no relation 
to local anesthetic potency. The properties of atropine fit into this scheme, 
since atropine barely has any local anesthetic actitm. This contrasts with 
cocaine which contain.s, as the most pronounced structural alteration, a 

Hlickc and Grier, J- dm. Chem. Hoc., 65. 1725 (nm). I.owis, I.ands, and Gnitcr, 
Federation Proc., 2, 20 (1045)- Hlif'kn and pVldkamp, ./. Am. Chem. Soc., 66, 
1087 (1044). 

Burtner and Cu.sic. J. Am. Chem. Hoc., 65, 1582 (1043). 

Burtner and Cusic, ./. Am. Chem. Hoc., 65, 262, 1582 (1043). Compare Ilromatka, 
U. S. Pat. 2.221,828 (1040). 

Lehmann and Knoefel, J. Pharmacol. Exptl. Therap., 74, 274 (1042). 
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TABLK IV. Basic Esters of Polynuclear Carboxylic Acids“ 


ClIC02(CIl2)2N(C2ll6) 



CHs 

CII3CII 

o 

s 

C1I3N 


Ac. Ch. 

{Atropine = 100) 


2.8 

2.8 

28 

2.3 

0.35 


Hi 

(Papaverine 


2000 

1000 

250 

300 

100 


carbomethoxy group in the tropane nucleus. C'ocaine is virtually devoid 
of antispasmodic activity. 

The anticholinergic aetivityofdialkylaminoalkylestersof cycloaliphatic 

acids in which the cyclic radical is separated from the ester group by one or 
more aliphatic carbon atoms^^ [cyclic K-(CH2),,2-CIIRCO.CIl2Cil2NEt..] 

structure [cyclic-R-CHRCO.CH2- 

Cll 2 J\Et 2 j. Ihis IS also borne out l>y the observation that isosteric re¬ 
placement of the methylene group of dibenzylacetic acid esters (XXIII- 

(CoH6CI-l2)2CHC02(CPl2)2N(C2H5)2 (C6H60)2CIIC02(CH2)2N (C2 Hb)2 

(XXIII-r) 5 )« (XXIII- 60 ) 5 o 

Ar0CIIRC02(CH2)„NU2 ArOCIIRCOXII(CIl2)„NR2 

(XXIII-G7) ^ (XXIII-08) 


CII2 ^CIIo 


CII 


CII 


CII 


CII 


cn co 2 (CH 2 ) 2 N(C 2 H 5 ) 


CII 


CII 


CH 


(XXlII-68a) 

« Blicke and Leonard, J. Am. Chem. Soc., 68, 1934 (1946). 
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by oxygen leads to dialkylaminoalkyl diphenoxyacetates (XXIII-66) 
of very low potency.^" Dialkylaminoalkyl esters (XXIII-67) and amides 
(XXin-()8) of «-phenoxyaliphatic acids have been claimed as antispas- 
modics and analgetics.*" Hecently,/3-diethylaminoethyl-l-cycIohexylcyclo- 
liexanecarboxylate (Hentyl, XXIII-GSa) has been shown to be one-tenth 
as active as atropine against acetylcholine-profluced spasm. 

A comparison of basic esters of thiazoiccarboxylic (XXIII-69) and 
thiazoleacefic acids (XXni-TO) indicates that the compounds having the 
ester function directly attached to the tliiazole ring are superior to the more 
aliphatic derivatives.^* 


K2X(CH2)202C 

Clla 

(xxiri-tii)) 




s 


\ 


N 


R2N(Cn2)202CCn2rr^‘^> 


CII3 

(XXIII-70) 


•N 


Many dialkylaminoalkyl esters of l-phenylcycloalkanecarboxylic acids 
are pronounc('(l antispasmodics.^ The drug Panparfit, /S-diethylamino- 
ethyl 1-phenylcycloj)eiitanecarl)oxylate (XXin-71), is an example of this 
scries. It has l)een syntliesized by condensing f)enzyl cyanide with 1,4- 
dichlorobutane under the infhuan’C of sodamide. 'Die nitrile group is 
then hvdrnlvzcfl, and the acid esterified witli dietlivlaminoethanol. 


CMbf'lDCN + ('l((’n2).i(’l 


.\a.\ H> 


CrJh—C - (;X 

cilz (du 




CIb — CII 


1. non, fP- 

2. iro(Cfr2)2NKf2 


C02CH20Il2N(C2lh)2 


\ 


c 

X \ 

CHa cria 


CH 


-CU2 

(xxrrr- 71 ) 


^rM^tirl atcl ttafligf'r. t*. S. Pat. 2.t2X.07H flat?). 

Wa^npr-Jaiir^ge, Arnolfl. and I>orn. lifr., 72, 1551 

Bureor, Nfarkres, NVs, an^l 5ost, Aw. f'hew. Soc., 7!, 3307 (1010). 

Chance, Oirnhuber, and Iiobinson. fifif. J. Phnrmnrol.. !♦ 153 dUify). 

5* Wpston. Am. Chem. Sor.. 68, 2345 (1046). Tilford, Van Carnpen, and Shniton, 

J. Am. Chem. Soc., 69, 2002 (1047). 
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Panpartit has been recommendetl for the control of spasms in Parkin¬ 
sonism, but it also relieves bronchospasm in perfused guinea pig lungs made 
spastic by histamine or acetylcholine. 

Other compounds in this series which deser\'e mentioriing are 2-di- 

ethylaminoethyl l-phenylcyclopropanecarbothiolate (XXIlI-72), and 0 - 

morphohnohexyl 1-phenylcyclohexanecarboxylate (XXIII-73). Both these 

derivatives are more active than papaverine and possess substantial neuro¬ 
tropic activity. 


Ccll5—CCOS(CIl2)2N(C2lI&) 

CH 2 -CH 2 

(XXni-72) 


Cclh 


\ 


0 


\ 

C 1 I 2 

1 

1 

OII 2 

i 

\ 



CII2CII2 
/ \ 
C02(CIl2)cN o 

\ 

01120112 

OII 2 

CII 2 


(XXIII-73) 

'riie presence of a phenyl group in these esters may not be of intrinsic 

importance since such a simple compound as /5-diethylaminoethyl cyclo- 

pcntane-carboxylate, cyclo-(’JIe 002 (OI 12 ) 2 X 1 : 1 ., is cajiable of relaxing 
spastic musck's.^^ ^ 

VI. DEMEROL 

Ihere is little doubt that the drugs of the Demerol group were origi¬ 
nally design<‘d as ant.spasmodics, and that their powerful analgetic proper- 

(XXm Tarr k'‘ their pharmacological screening. Demerol 

( XIII-74) itself may be conceived as an ester of phenylacetic acid in 

OH 3 


Cell, 


CII 2 OII 2 


Cells 


CII 2 CII 


c 


NCII3 


c 


N(CIl3)2 


02lh02C CH 2 CH 2 Cells COC 2 He 

(XXIII-74) (XXiri-75) 

by a piperidine ring The 

Suter, Ind. Eng. News, 27, 19 (1949). 
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The chemistry and synthesis of Demerol has been discussed in the 
chapter on analgetics. The short Table V presents Demerol and a few of 

_ TABLE ‘l-Piip:NYL-N-METiiYia*n>ERiDiNE Derivatives 


Compound 


CeH. 


Carbamyl- Ba 

choline 


Hi 


CIbNCsHs 


(Demerol) 1 


40 


1000 


COOCjII 

a-CaoHj 


CII.NCsHa 


0.33 120 


2000 


COOC 2 II 6 


CibNCeHs 




CdU 


80 


1000 


COOCelh 


CIIjNCsIIg 






80 


500 


CON(CH,)a 


CILNCiH* 


\ 


Cell, 


cocibcncciDi 


60 


1000 


CIbNCdls 




Cells 


10 


200 


4000 


CO Celle 


CHsNCeHe 




CeHs 


10 


80 


2000 


C(0H)(CH3)C6H6 
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its analogs as antispasmodics. Carbamylcholine is used as a parasym¬ 
pathomimetic agent, and the blocking effect of the drugs is expressed in 

the same units as in Table III. 

The other important group of analgetics containing a cpiaternary car¬ 
bon atom and represented by methaflon (C'hapter XI) is even more closely 
related to the structure of diphenylacetic acid analogs. Methadon itself 

(XXni- 75 ) and many analogous drugs are effective myotropic anti.spas- 
modics. 

The overlapping of antispasmodic (autonomic blocking) and analgetic 

properties in the Demerol and methadon grouj) perhaps supports the newer 

views of relief from pain on the basis of an anticholinergic mechanism 
(Chapter XXI). 


VII. SUBSTITUTED ACETAMIDE DERIVATIVES 

Many a-di- and trisubstituted acetamide derivatives [HK/Il'^CCDNII- 
CIl2CIl2N(C2H5)2l appear either slightly less or somewhat more active, 
and about as toxic as the corresponding acetate esters. Both types of anti¬ 
spasmodic activity show irregular fluctuations as .small structural changes 
are applied.^5 From a series of primary trialkylacetamides, R.^CC’ONTIa, 

twiceas active aspapaverine, tributylacetamide, (C 4 llg) 3 - 
CCONIia was chosen as a drug and named Jecundal.^® 

Antispasmodic activity of i-arious degrees was also observed among 

amidesofa-aminoacid.s,forin.stance, (C6Tl5)2C(Xlb)C'()NIl2.^7 Pronounced 

activity was ob.servcd for N-benzylnicotinamide (XXIII-TO); a related 
amide, Lyspamin, nicotinamido-1 ,2-diijhenvlethane (XXIII-77) has been 
introduced as a powerful antispasmodic of long duration, e.specially for the 
preventive treatment of spastic conditions.®’^ 


'i^'cONHCIIaCMI 


(XXIII- 7 G) 


Cell 



CONHCH 


ClUCelle 
(XXIII- 77 ) 


“ Ad:iplcd from Sclauunana, Arch. expd. Path. Phnrmakol., 196, 109 (1940) 

.. .. . . .«... 

«« Junkmann, Arch, cxpll. Pathol. Pharmakol., 195. 175 (1940) 

Suter. GordonofT, and Dubois. Schweiz, med. Wochschr., 35, 853 (1948). 
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VIII. CONCLUSIONS 

Several investigators have tried to draw some conclusion about the 
cause of antispasmodic action from the large statistical material in this field 
of structurally allied compounds. These ideas have not been wholly suc¬ 
cessful, mainly because different pharmacodynamic mechanisms seem to be 
at work in the groups of neurotropic and myotropic drugs. Using nine 
diethylammoethyl esters of diphenyl- and diphenylalkylacetic acids, Hirt^® 
observed maximum antispasmodic potency in those derivatives which, in 
1% solution, exhibited a surface tension of 40-45 d./cm. Several other 
related compounds, especially atropine and other esters containing alcoholic 
hydroxyl groups, did not fit into this scheme. The high activity of atro¬ 
pine and of esters of benzilic acids has been attributed to their ability to 
fasten themselves by three oxygen atoms (the ester group plus the alcoholic 
hydroxyl) to reactive positions at the surface of cell enzymes.®® In this 
way, the approach of acetylcholine to the same positions is blocked. The 
greater molar potency of atropine as compared with Trasentine orPavatrine 
may be accounted for by its “umbrella-like” shape which may mechanically 
01 electrostatically inactivate adjacent cell receptors and render them 
unavailable for acetylcholine. In acconl with this hypothesis it has been 
found that quaternization of the tertiary amino group in the esters of the 
Trasentine type often increases the antispasmodic activity of these drugs, 
perhaps by providing greater affinity to the centers occupied by acetyl¬ 
choline.®^ 

(Quaternary atropinium salts have attained considerable curariform 
activity, and have been discussed in this connection in Cdiapter XXII. 

It is difficult to draw the line between true antispasmodics and anti- 
histaminic substances. Both prevent or relieve spasm caused by histamine, 
but in a different mca.sure. The antihistaminic compounds exert this 
action at extremely low concentrations and in a liighly specific manner while 
their effect on intestinal spasm is insignificant. The great interest in anti- 
histaminics shown in recent years justifies their discussion in a special 
chapter. 


flirt, IIclv. Chim. Ada, 32, 87 (1940). 

Pfeiffer, Science. 107, 04 (lf)48). 

cf. Meier and Hoffman, Hclv. Med. Ada, 7, lOG (1041). 



CHAPTER XXIV 


Histamine and Antihistaminic Drugs 


I. HISTAMINE, ANAPHYLAXIS AND ALLERGY 

Histamine, /3-(4-imi(lazolyl) ethylamine (XXI^'-]) occurs in most body 
organs and fluids, and exerts a \'ariety of pliarmacodynamic acti^sTpi’i- 
marily on the l)lood vessels. One cannot classify liistamine as a hormone 
although its manifestations would readily place it in this category. How¬ 
ever, as far as it is known it is not secreted by an endocrine glantl, and thus 
does not fall within the classical flefinition of hoi'mones. More pertinent 
than the uncertainty of its origin is perhaps the fact tiiat liistamine is not 
concerned with the harmonizing effect of the endocrine hormones upon the 




IL\ 


1 & 


CH2CII2KH2 


(XXIV-1) 

whole body. It does not enter into the biological reactions catalyzed by 
other hormones but rather apiiears as the source of innumerable patho¬ 
logical conditions which can he traced to its liberation in the body fluids 
and its deposition in the tissues. 

In carnivora, in monkeys and in man, small doses of injected histamine 

cause a fall m blood pressure by relaxation of the capillaries and smaller 

vessels although the larger arteries are constricted.' Vasodilation of the 

capillaries, and increase of arterial pre.ssure lead to a loss of circulatory 

luifl into the surrounding ti.ssues, a condition commonly identified with 

histamine shock This is similar to traumatic shock, or to anaphylactic 

.shock due to violent immunological reactions, and these observations have 

linked milder symptoms of anaphylaxis with manifestations of hypersensi- 
tivity in man.2 

If a guinea pig is exposed to a sensitizing antigen as may be found in 
certain food stuffs, pollen, animal hair, etc., it begins to sneeze and rub its 

' noi'sf'«■ 70. 611 

(1918). Best, Dale, Dudley, and Thorpe, J. Physiol., 62 , 397 (1927). 
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nose in a manner similar to that of a man suffering from hay fever. If it 
receives too large a dose of the sensitizing compound, it will exhibit a severe 
and often lethal reaction called anaphylactic shock. This reaction resem¬ 
bles severe allergic reactions in humans. An animal can be made immune 
or refractory to shock by the injection of a small, usually non-toxic dose of 
the very agent or antigen which has produced its anaphylactic reaction. 

or refractory state can be produced by 
injecting small amounts of sensitizing materials. Desensitization to spe¬ 
cific antigens can be carried out in a number of ways. For instance, a large 
number of small doses of extracts of pollen, animal dander, house dust, 
and fungi may be injected into the sensitized individual. However, this 
is a slow an<l tedious process which does not lead to a satisfactory disappear¬ 
ance of clinical symptoms within a short period of time. In more recent 
years, it has been found that both animals and men may become sensitized 
to virtually any chemical they may come in contact with. Drugs, dye 
stuffs, metallic salts, vaccines, antibiotics, eggs, vegetables and many 
other products may cau.se allergy. 

Wliile it was thought at first that only higli molecular compounds such 
as poly.saccharides and proteins can serve as antigens, Landsteiner and his 
students showed that simple chemicals when combined with larger molecules 
such as proteins or polysaccharides can be transformed into specific anti¬ 
gens. After the production of antigens has taken place, the organism of 
man or animal creates, in defense against the antigen, a specific antibody. 
The latter arises from the globulin fraction of the blood and is probably a 
steric replica in rcver.se of the antigen molecide. Accorrling to Pauling,^ 
the antigen serv’cs as a steric pattern upon which the polypeptide chain, 
ordinarily destined to become a globulin molecule, is built in a way deviating 
from its normal structure. 

Antibodies alone are harmless, but when antibodies and allergens or 
anaphylactogens (antigens causing allergic or anaphylactic reactions) are 
brought together, a reactifm sets in which is essentially a disturbance of 
the normal physico-chemical condition of the cell, and which re.sults in the 
liberation of toxic .substances.* 

Histamine has been incriminated as the most readily recognizable 
component of this toxic mixture. It is found normally in .small amounts 
in tis.sues, especially in the lungs, and is thus available for various reactions. 

It has been .substantiated by many investigators that anaphylaxis as 
well as allergy in humans may be due at least in part, to a release of relatively 
large amounts of hi.stamine. Attempts have been made to desensitize 

* Pauling, Endeavour, 7, 43 (1048). 

* Boyd, Fundamentals of Immunology. Interscience, New York, 1945. 
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animals and man by small injections of histamine, but very little practical 
success has been achieved in this manner. Apj^arently, tolerance to his¬ 
tamine cannot be acquired in this way. Likewise, it has not been possiI)le 
to desensitize animals by conjugates of histamine witli diazotizofl proteins 
prepared according to the method of Landsteiner. 

Certain arguments have been raised against the evidence that hista¬ 
mine is a proven factor in the production of anaphylactic symptoms. For 
instance, blood cannot be coagulated during anaphylactic shock, and 
histamine does not have any anticoagulant properties. But this particu¬ 
lar phenomenon is probably due to a simultaneous rciea.se of tlie natural 
anticoagulant, heparin. It is also doubtful that all symptoms of allergy 
in men are cau.sed by histamine. Nevertheless, it has been showm that 


certain skin reactions (wheal) of specific food allergies, and of urticaria 
behave as if they hud been protluced by tlirect administration of histamine.^ 
Histamine is probably formed from its precursor, the amino acid hi.sti- 
dine, which in turn is liberated by jjroteolysis, or perhaps during an in¬ 
complete synthesis of proteins utilizing histidine. If we assume that 
histamine is the cause of numerous allergic and anaphylactic reactions, the 
interruption of the degradation of histidine to histamine would be a .suitable 
point of interference with this chain of events. Unfortunately, the deg¬ 
radation of histidine by decarboxylation is complicated. Histidine 
(XXIV-2) is subject to the action of decarboxylases (with the probable 
aid of a coenzyme, pyridoxal pyrophosphate) as well as to that of amino 
acid oxidases. Any histamine (XXI\'-1) formed in normal pliysiological 
quantities is apparently oxidized by the deaminase, histarninase or diamine- 
oxida.se,^ to imidazolyl aldehyde (XXIV-3) which is oxidized further by 
xanthine oxidase to imidazolylacetic acid (XXIV-4). 


KCILCII(COAI)NIL 

(XXIV-2) 


liCHA’ILNIIa 
(XXIV-1) 


KCILCIIO 

(XXIV-3) 


RCILCOAI 

(XXIV-4) 



It should thus be possible to block the catalytic activity of histidine 
decarboxylase but this has not pror-ed feasible. Likewise, administration 
ot histarninase in vivo has been unsuccessful although this enzyme destroys 
histamine readily in vitro. It is believed that histamine is ordinarily stored 
m an inactive form” in the tissues and is released by different factors, 
for instance, the antibody-antigen reaction. There is no evidence that 


^ Lewis and Grant, Heart, 13, 219 (1926). 
® Best, J. Physiol., 67 , 256 (1929). 
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such excessive Rmoiiiits of histamine which flood the organism suddenly 
can be disposed off h\' histaminase. This enzyme acts only slowly upon 
its substrate, and its in vitro behavior has added to the suspicion that our 
concept of deamination of even normal amounts of histamine may need to 
be revised. It is difficult to imagine that the slow-acting diamineoxidase 
should be resjxmsible for the rapid disappearance of histamine from the 
l)loo(l and tlie tissues. 

liberation of histamine produces a number of symptoms in animals 
and men. Ih-onchial spasm in guinea pigs, intestinal and uterine spasm in 
guinea pigs and dogs. h)wering of the blood pressure (hypotension) by 
capillary dilatation, increavsed capillary permeability, and the production 
of wheal and flare (skin reactions such as urticaria) are a few of them. 
Normal amounts of histamine also liave the hormonal mission of stimu¬ 
lating secretory glands, especially the tear glands, nasal and pulmonary 
glaiuls. '['he flow of gastric juice is stimulated, and injection of histamine 
may lead to hyperacidity within 20 to .30 minutes. 

Dale’ has indicated that histamine may be released by the so-callctl 
“antidromic” impulses at the endings of those terminal nerve branches 
which supply the network of minute blood ves.sels to tlie skin. Histamine 
has also been regardet! as a mediator for cutaneous pain.’’' 

'rhere exists the possibility that histamine does not act directly, but by 

interv(‘ntion of released acetylcholine.'* Sorm* authors believe that hista- 

% 

mine is boun<l in the tissues to protein in an inactive form, and that this 
protein plays tlie role of a fixed antilxxly. Introduction of an antigen 
causes combination of tlie antigen with the protein, and histamine is 
thereby released, as are also the similarly "inactive” acetylcholine and 
heparin.^ 

fn an attempt to elucidate the decisixe groups In the molecule of 
histamine. Xieman and llays'^ synthesizcfl o-/?-aminoethylimidazole 

HoX -CH2 
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’ Dale. Brif. J . 2, R80 ria4S). 

Rof^onthal, Pror. Sor. Pxper. Fitol. .1/^'/.. 74, 10/ (\U^). 

” cf. tfuttrpr, P:Tperientin. 5, .53 Daniolopolu, Schweiz, med. Wochschr., 78, 

.567 (I04S). 

’ Parrot and Rich^t. Compt. hiol., 137 , 380 (1913). 

Nieman and •/. Afn. Chem. Soc.. 64, 2288 (1042). 
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(XXIV-5), the isomer of histamine carrying the side-chain « to the second¬ 
ary nitrogen atom of the ring. This compound has no longer histamine-like 
activity. Likewise, of the three isomeric 2-, 3-, and 4-(/3-pyridyl)-ethyl- 
amines, only the 2-isomer (XXIV-G) lowers the blood pressure. This 
behavior may mean that the structural requirements for liistamine-like 

. (a) (b) 

activity should be the grouping —CH—N—C—CH 2 CPI 2 NH 2 where 

1(c) 

CH 

(a) = 1.3G =h 0.01 A, (b) = 1.38 ± 0.02 A, and (c) = 1.40 zb 0.01 A. The 

nitrogen atoms of the cations of such compounds can be linked by hydrogen 
bonding. 

A large number of other heterocyclic /3-ethyIamine derivatives has been 
studied in tliis connectioni«* luit altliough some of them liave as much as 
one-third the activity of liistamine in its various jiharmacodynamic mani¬ 
festations, none of these compounds has rivaled histamine in all its biologi- 
cal aspects. 


II. CHEMISTRY AND USES OF HISTAMINE 

Histamine has been used to reduce hypertension in migraine head¬ 
aches, and to prevent tlie Meniere syndrome (vertigo, deafness and othei' 
vestibular disturbances) uj) to three months.*" It also gives good re.sults 
m Park]nsoni.sm.*2 Histamine injections have been used in place of electro¬ 
shock therapy in mental diseases. It may be that dilation of the blood 

vessels in the brain and the resulting increase of blood supply stimulate 
clearer thinking. 


I^CN -h 


H2NCH2 


HONO 


COCH 2 NH 2 

(XXIV-7) 

HN- 


/NH 

KS< 

^N— 


CH 2 NII 2 


(XXIV-8) 


(XXIV-9) 


I- PC 15 

2. NaCN 

3. n. 


HN 




CPI 2 CH 2 NH 2 


(XXIV-1) 
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The drug can be prepared by decarboxylating histidine in high boilinir 
inei t solvents such as fiuorene, or by bacterial enzymes. The latter method 

Lee and Jones J-. Pharmacol. Exptl. Therap., 95, 71 (1949) 

Skinner, Ohio State Med. J"., 45, 565 (1949). 
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followed by precipitation as the o-dichlorobenzenesulfonate, gives ex¬ 
cellent yields.^^ Histamine can also be synthesized by condensing di- 
aminoacetone (XXIV- 7 ) with potassium thiocyanate, diazotizing the pri¬ 
mary amino group of the resulting 4 -aminomethyl- 2 -mercaptoimidazole 
(XXIV- 8 ) with simultaneous removal of the thiol group, and conversion of 
4 -hydroxymethylimidazole (XXIV- 9 ) to histamine by a nitrile synthesis.^^ 
Structural modifications of histamine have been studied by many 
authors. The pharmacodynamic evaluation of compounds related to hista¬ 
mine has suffered from the necessity of defining which animal has been 
used, and which of the many diverse manifestations of histamine activity 
has been the object of the respective test. For example, N-methyl- 
histamine (C3H3N2-CH2CH2NHCH3) is one-half as active as histamine in 
the cat, but exerts twice its action on the blood pressure of the guinea pig. 

Modification of the ethylamine chain of histamine leads uni¬ 
formly to inferior vasodilators. Shortening (—CH2NH2), lengthening 
(_(CH2)3-4NH2) or branching (—CH 2 CH(CH 3 )NH 2 ) of the side chain 
always sharply reduces activity. Introduction of an alcoholic hydroxyl at 
the a-carbon (—CHOIICH2NH2) also decreases histamine effects. Methyl- 
ation at N* or of the nucleus is equally detrimental. The disappear¬ 
ance of histamine activity in / 3 - 5 -imidazolylethylamine (XXIV- 5 ) has been 
mentioned above. 

III. ANTIALLERGENIC DRUGS 

The treatment of allergies is complicated by the fact that a specific 
desensitizing agent has to be founfl for each specific antigen. It would be a 
distinct advantage if a method could be discovered which would desensitize 
an individual, or inhibit anaphylaxis in an animal by perhaps one and the 
same desensitizing agent. Support to this approach is given by the observa¬ 
tion that although many different antigens have been found, the results of 
their action on the organism are virtually the same. They produce symp¬ 
toms so closely related that it is impossible to say which allergen is respon¬ 
sible for them. . 1 • 1 

As in every type of research leading to new drugs, various chemicals 

have been tested in a random manner as a possible means of counteracting 
allergy or anaphylaxis. Among them were many chemicals which have 
since been recognized as potentiators of cholinesterase. Even lever 
therapies and infections with virulent organisms have been proposed, a 
reduction of barometric pressure, and other physical methods and agen 
have found temporary favor. Vitamins, particularly ascorbic acid and 

O Galat and Friedman, J. Am. Chem. Soc., 71, --noy, 

L6vy-Bruhl, Ungar, and Levillain, Compt. rend., 204, 1222 {1J6/). 
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vitamin D, hormones, for instance the sex hormones, and diethylstilbestrol 
derivatives have been used, the latter because so often great relief from 
allergy had been observed during pregnancy. It is known now that this 
phenomenon is due to increased secretion of antiallergenic adrenocortical 
hormones. 

During these experiments it was disco\-ered that certain compounds 
known to produce a rise in lilood pressure could o\'ercome rapidly the 
manifestations of allergy and anaphylaxis. Especially epinephrine (XXIV- 
10) and the alkaloid ephedrine (XXIV- 11 ) have proved effective, and 
lately other synthetic drugs such as Propadrine, (XXI\"-12), Paredrine 

iio/\ciioncu2^im 
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CH2C1I(CH3)N1R 


(XXIV-13) 

(XXIV-13), and Aludrine (Isuprel, XXIV-14) have come into use for this 
purpose. They relieve allergic symptoms rapidly, and are used widely for 
the dissipation of catastrophic allergic conditions. 

A number of other drugs show anti-allergic action, but apimrently l^y a 
different mechanism. For instance, aminophylline (a molecular combina¬ 
tion of aminopyrine and theophylline) seems to act by virtue of its ability 
to relax smooth muscles wliich are contracted in histamine-induced spasms. 
Iodides are useful because they stimulate the mucous glands of the bronchi 
to produce a thin non-obstructing secretion. Histitline exerts a weak 

antihistaminic action, but like that of other amino acids, its effect is 
uncertain. 


IV. ANTIHISTAMINIC DRUGS 


Virtually all the compounds grouped under this heading contain the 
structural unit R^N-C-C-X in which X is a group beginning with 
oxygen (R 2 N—^C—O—), nitrogen (R 2 N—C—C—N'—) or carbon 

(R 2 N C—C C—). They counteract many manifestations of histamine 


toxicity, even in conditions (dermal allergies) in which the role of histamine 
IS relatively insignificant. For this particular reason, many students of 
these compounds believe that the antihistaminic drugs do not act specifically 
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against histamine itself but that they are anti-allergic in general and modify 
factors, other than histamine, which participate in the allergic syndrome. 
Nevertheless, the restoration of normal health by these drugs in animals 
poisoned by many times the lethal dose of histamine is so spectacular that 
the name antihistaminic appears well-chosen. 


1. Early Benzodioxane Derivatives 

While testing various compounds as potential antimalarials, Bovet 
and his associates'® observed that 2-N-(piperidinomethyl)-l ,4-benzodioxane 
(XXIV-15) could protect animals from bronchial spasm caused by aerosol¬ 
ized histamine. The compound had been synthesized from catechol and 
epichlorohydrin and subsequent treatment with piperidine, and was 
screened for alternative activities, among them antispasmodic properties. 
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Since (XXIV-15) may be regarded as an etlier, other aryl ethers con¬ 
taining basic side chains were tried. Of these, ^-(5-isopropyl-2-methyl- 
phenoxyethyl) diethylamine (XXIV-lOa) counteracted two to three lethal 
doses of histamine;'® its dimethylamino homolog (XXIV-16b) was tolerated 
even better by humans. 


(CIl3)2CH 


OCII 2 CPI 2 NR 2 
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(XXIV-16) 
a; R = C 2 H 6 
b: R = CIT 3 

Isosteric replacement of the ether oxygen by amino nitrogen 
into a series of aromatic derivatives of ethylenediamme of which JN ,JN-a 

Ungar, Parrot, and Bovet, Compl. rend. soc. biol., 124, 445 (1937). 

.. Ivet and Staub, Compt. rend. eoe. biol., 124. 547 (1937). Fourneau and Bovet, 

Arch, intern. Pharmacodynamic, 46, 178 (1933). 

Staub, Ann. Inst. Pasteur, 63, 400, 420, 485 (1939). 
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ethyl-N'-phenyl-N'-ethylethylenediamine, Cell 5 NCH. 2 CIl 2 N(C 2 n 5 ) 2 , was 

C2H6 

superior to the ethers mentioned above, since it counteracted two to six 
lethal doses of histamine. From his systematic studies, Stuub concluded 
that the best hope for clinically useful antihistamine dru^s lay in furt her 
variations of the structures or IU)C]l 2 CIl 2 NU", 

where R was phenyl or substituted plienyl, W alkyl or aralkyl, and R" 
alkyl, best methyl. lie thought that the ethers were more e(fecti\'e in re¬ 
lieving histamine-induced asthma, while the ethylenediarnines were more 
specific in counteracting anaphylactic shock produced by administration of 
histamine. 

The ethylenediarnines fit into the working liypothesis that histamin- 
ase ((liamineoxidase) might be able to attack them like histamine, and that 
their mode of action could be explained by a competition with liistamine for 
available cell enzymes. This is supported by the fact that they obey the 
law of mass action in tlieir i-elation to histamine o\'er a wide range. 


2. Pharmacological and Clinical Considerations 

The method of testing against lustamirie activity has a profound bearing 
on the evaluation of these compounds. If, for instance, the antihistaminic 
activity of a compound is tested against one lethal dose of histamine 
(LD 100), all compounds show approximately the .same activity. If, how¬ 
ever, a standard dose of the antihistaminic is administered, and then the 
amount of histamine nece.ssary to kill the protected animal is determined, 
wide variations are found for different drugs. Three milligrams/kg. of 
Benadryl protects a guinea pig against five lethal do.sesof histamine. Com¬ 
parative figures for some other drugs are; Antergan, 6; Pyi’ibenzamine, 37; 
and Neoantergan, 125. ’ ’ 

1 he anti-allergic jjotcncy of a drug can be measured very accurately 
by a scratch test technique.*^ Tlie drug is scratched in different dosages 
into sites on the body .surface, and histamine is subseiiuently applied to the 
same scratches. By noting the point at which pretreated scratches fail to 
prevent skin-flare reactions of histamine, the minimum effective anti¬ 
histaminic do.se of the drug can be determined rapidly in one animal. 

Clinically, the antihistaminic drugs have proved useful in the treatment 
of hayfever (vasomotor rhinitis), and skin reactions such as drug rashes, 
pruritis, contact dermatitis, urticaria and atopic dermatitis. Allergies 
causing the liistamine flare reaction are benefited by these drugs. If 
treated early, attacks of common cold can be aborted. On the other hand, 
none of the present antihistaminics have proved very effective in acute 

Feinberg, Quart. Bull. Northwestern Univ. Med. School, 22, 27 (1948). 
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asthmatic attacks, and they have not relieved histamine-induced gastric 
secretion. The pharmacological reason for this failure to act is still 
obscure. Surprisingly, epilepsy is influenced favorably by antihistaminic 
drugs. 

Pellerat has made interesting observations on some apparent anomalies 
of the distribution of histamine between blood plasma and blood cells after 
administration of antihistaminic drugs. The reader is referred to a recent 
review on this subject.^® 

3. Basic Ethers 

During the study of dialkylaminoalkyl aryl ethers prepared in Four- 
neau’s laboratory at the Pasteur Institute, the following relations of struc¬ 
ture and antihistaminic activity became apparent. Substitution of the 
benzene ring by alkyl groups of increasing size up to 4 carbon atoms 
raised activity but at the same time, antispasmodic activity decreased. If 
two different alkyl groups were present, their relative nuclear position in 
regard to the ether chain had no effect on activity. The best dialkylamino 
group was dimethylamine, followed by the diethylamino group which usually 
decreased activity and raised toxic side reactions. A piperidino group at 
the end of the ether chain was even less favorable. 


a. Benadryl 

(1) Sijnthrsis and Uses 

Independently of the French workers, antihistamine research got under 
way in the I'nitcd States around 1943. The earliest experiments in the 
group of basic ethers were performed by Ricve.schl who developed Benadryl 

as the first widely used antihistaminic substance. 

Benadryl, ( 3 -dimethylaminoethyl-benzhydryl ether (XXIV-17), was 
patterned on the general molecular shape of the antispasmodic esters 
of diphenylacetic acid. The material was synthesized by condensing 
benzhydryl bromide (XXIV-18) prepared by actinic bromination of di- 
phenylethane, with dimcthylaminoethanol in the presence of potassium 

carbonate.^® 

(C6H5)2CH2 (C6H5)2CHBr + H0CH2CH2N(CH3)2 

^ ' Light 

(XXIV-18) 

(XXIV-17) 

Huttrer, Experientia, 5, 53 (1949). 

Rieveschl and Huber, U. S. Pat. 2,421,714 (1947). 
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Benadryl protects animals against bronchial asthma caused by hista¬ 
mine aerosol about 16 times more effectively than papaverine, and 33 times 
better than aminophylline. It has been used extensively in human hay 
fever and many other allergic conditions. Its main drawbacks are saitl 
to be side-effects such as drowsiness and nervousness in some individuals. 

Benadrj'l gives relief in Parkinson tremors, and ant ihistaminic drugs 
in general potentiate the sedative effects of barbiturates.-- It is of interest 
that Benadr 3 d antagonizes the depressor activity of acetjdclioline.^^ Dn the 
other hand, it has no effect on antibody'’ production, and on circulating 
antibodies which are supposed to be involved in the release of histamine. 

The salt of Benadiyl and 8 -chIorotheophylline (XXI\''-18, Drarnamine) 
was developed bj’- Cusic.^'* It has shown very great promise in pi eventing 
and relieving seasickness, nausea and vomiting during pregnancy, vertigo 
and radiation sickness. It is said to act directly' on the vomiting center.^'* 
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(CH3)2^TICIl2CH20CII(CcH5)2 

(XXIV-18) 


Scopolamine, Artane (XXI11-57), and Chlorocyclizino ('XXIV-42) which, 
like Benadryl, c-xhibit an anticholinergic component, are also active in 
motion sickness.^'*'' 


{2) Other Basic Ethers 

Chemical modifications of Benadryl have demonstrated that the mor- 
pholino analog (Linadryl, XXIV-19) is about half as active and as toxic as 
the dimethylamino compound. Substitution of the aromatic nuclei regu¬ 
larly decreases activity, while quaternization produces salts (XXIV-20) 
which are three times as spamolytic as Benadryl; tliey can be regarded as 
choline ethers and are noteworthy since thej’' possess anticliolinergic as well 
as antihistaminic properties. 

A fairly active antihistaminic ether, 0.1 7 of which antagonized the 
effect of 1 7 of histamine on the isolated guinea pig gut was found in 2 -benz- 

21 Loew, Kaiaer, and Moore, J. Pharmacol. Exptl. Thcrap., 83, 120 (1945) 

“ Winter, ibid., 94, 7 (1948). 

“Sherrod, Loew, and Schloemer, J. Pharmacol. Exptl. Therap., 89, 247 (1947). 

Daminin and Bukantz, J. Am. Med. Assoc., 139, 358 (1949). 

“ Gay and Carliner, Bull. Johns Hopkins Hosp., 84, 471 (1949). Carliner, Radman 

Mn rr 7 TI 

24 a ^ (1949). Cueic, U. S. Pat. 2,499,058 (1950). 

Chinn, Noell, and Smith, Arch. Int. Med., 86, 810 (1950). 
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CH 2 CH 2 

/ \ 

(C6ri5)2CHOCH2CH2N O 

\ X 

CH 2 CH 2 

(XXIV-19) 

(C6H5)2CH0CH2CH2N+(CH3)3-I- 

(XXIV-20) 


hydryloxymcthylimidazoline (XXIV-21) which was synthesized from the 
imido ester (XXIV-22) and ethylenediamine.^^ 


• Cl- 

^ H 2 NCH 2 

(C6H5)2CIIOCIl2C + I 

\ II 2 NCH 2 

OC 2 HB 

(XXIV-22) 

N—0112 

-> (C6ll5)2CHOCIl2C 

^NHCIIs 

(XXIV-21) 


Analogous compounds derived from phenol instead of from bonzhydrol 
had a lower order of activity. 

Dccapryn (XXrV-23, a-(2-pyridyl)-a-phenylethyl-/3'-dimethylamino- 
ethyl ether) is a pyridine analog of Benadryl containing a quaternary 
carbon atom. It is synthesized !)y condensation of acetophenone with 
pyridine under the influence of aluminum or magnesium, and mercury. 



-h C 6 H 5 COCH 3 


A1 or Mg 


ciu 

/N^_c_on 
I 

CsIU 


(XXIV-24) 


CII 3 

COCH2CH2N(Cn3)2 

Cells 


Na 

CKCPbhNfCIbh 


(XXIV-23) 

*6 Djerassi and Scholz, Am. Chem. Soc., 69, 1688 (1947). 
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The sodium derivative of the intermediary tertiary alcohol (XXtV-24) is 
then converted to the drug by reaction with dimethylaminoothyl cliloridc. 

The most active antihistaminic agents in the series of basically suljsl i- 
tuted ethers are derived from o-benzylplienol. For example, o-benzylphcnyl 
/3-dimethyIaminoethyl ether (XXIV-2o), as well as its 4-chloro and rj-melhyl 
deri\^atives show increased potency. The most elective compound in this 
group (4.G times Benadryl) contains a branched aliphatic side chain (XXf- 
26). 

0CH2CH2N(CH3)2 OCH2CII(CPl3)N(CT-l3)2 

CeHs CU2/\ C 6 I-I 5 


(XXIV-25) 


(XXIV-26) 


4. Derivatives of Ethylenediamine 

a. Axteiigan 

In an extension of their early studies of compounds of the tyi)e ArN- 
UCII2C1T2NK'2, Staub and Bo\-et'® observed that highest antihistaminic 
activity couhi be attained if K was benzyl or an analogous group con¬ 
taining a heterocyclic nucleus, and U' was methyl. The first u.seful drug 
in this series was Antergan^? (XXl\'-27) which was jn-epared from N-bcnzyl- 

aniline and dimethylaminoethyl chloride in the pre.sence of potassium 
carbonate. 

CelUCHaNHCells + ClCIl2CIl2N(CH3)2^CoH6Cn2NCI-l2CIl2N(CH3)2 

Cells 

(XXIV-27) 

Replacement of the benzyl grouji in Antergan by 2-thenyl produces 

the drug Diatrin (XXIV-28) which is said to be less sedative than the 

phenyl analog. The 2-methylfuryl isostere (XXIV-29) has been reported 
to have similar activity. 


XT/^TT /-ITT . / 0 \ 


CH2NCIl2Cn2N(CH3)2 


(XXIV-28) 


CH2NCH2CH2N(CH3)2 


C 6 H 5 

(XXIV-29) 


Staub and Bovet, Compt. rend. Soc. biol., 125, 818 (1037). 

” ^^91^161 68' 330 (1942). Mosnicr, French Pat. 
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b. Neoantergan 


If the phenyl group of Antergan is replaced by 2-pyridyl, and the 
benzyl group by p-methoxybenzyl, Neoantergan (XXIV-30) is obtained. 
This drug counteracts thirty to sixty times its weight of histamine^ and is 
about three times more effective than Antergan. Neoantergan initiated 
the series of heterocyclic antihistaminic derivatives of ethylenediamine 
which has furnished some of the most effective and least toxic drugs in this 
group. 

The syntheses of Neoantergan are typical of the preparative approaches 
of many similar compounds. They have been described in the first paper 
published on this subject in the United States.^® The preferred and most 
economical method for Neoantergan is the condensation of a-aminopyridine 
with dimethylaminoethyl chloride in the presence of sodamide or lithamide, 
followed by treatment with p-methoxybenzyl chloride. 


/^^NH 2 NaNHj 




+ C1CH2CH2N(CH3)2 




NHCH2CH2N(CH3)2 




CH 


OCH 3 




^ ' cih0<L ^Cihc\ 




CH2CIl2N(CH3)2 

(XXIV-30) 

Neoantergan is preferred by many physicians because it elicits _a 
minimum of drowsiness. A clinical comparison of twelve antihistaminic 
drugs has recently been published.^*® 


c. Pyribenzamine 


The earliest substituted diamine developed in American laboratories 
was Pyribenzamine (XXIV-Sl).^® It may be prepared (a) by condensing 

N,N-dimethylaminoethyl-a-aminopyridine with benzyl chloride, or (b) y 
treating 2-benzylaminopyridine with dimethylaminoethyl chloride; both 
reactions proceed in the presence of sodamide. 


- Halpern and Walthert. rend. .oc. 6 . 0 ^ 139, 402 (1945^ Bovet Horclois 

Horclois, and Walthert, ibid., 138, 99 (1944); Horclo.s, U.S. Patent, 2,502.151 


(1950). 

2 * Huttrer, Djerassi, Beears, Mayer, and Scholz, 
Schwartz and Wolf, J. Allergy, 20, 32 (1949) 
Am. Med. Assoc., 142, 969 (1950). 


J. Am. Ckem. Soc., 68 , 1999 (1946). 

. Sternberg, Perry, and I^Van, J 
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(a) 


■KTTT/~1XT /~1XT TkT/^Ti- \ CgHfe CHz Cl 


(b) 






iNHCHjCHiNCCH,)^ 


NaNIIj 


NHCH2C6H, 


ClCHaCHaNXCUs); 


/N. 


CHiCoIie 

NCH2CH2N(CH3)2 




(XXlV-31) 


The drug’s structure closely resembles that of Neoantergan, the latter 
being the p-methoxy derivative. Altliough Neoantergan has been judgetl 
superior^^ to most current antihistaminic drugs including Pyribenzamine in 
animals, the latter has remained one of the most widely prescribed drugs in 
hay fever and other allergies. 

So many compounds having structures analogous to Pyribenzamine 
and Neoantergan have been made available to the pliysician that the choice 
of a suitable agent has become one of personal preference. The tlifferences 
in side-effects are not ajjpreciable but the indivalual drugs possess properties 
which make them particularly suited for the treatment of special allergy 
manifestations. Only a few of tlic.se compounds will be discussed here; the 
most popular drugs and their formulas are listed in Table I. 


d. Neoiietramine 

Iletramine and Neoiietramine are pyrimidine derivatives, Hetramine 

corresponding to its pyridine analog, Pyribenzamine, while Neoiietramine 

may be compared structurally to Neoantergan. Neoiietramine is said to 

have an activity almost comparable to that of Pyribenzamine liut its 

toxicity is lower.Like other antihistaminics, Neoiietramine lias been 

recommended for use with streptomycin in exudati\'e liuman tuberculosis 

to reduce the allergic reaction of the ho.st to the antibiotic, and to the 

hypersensitizing spread of the tubercle bacillus in the body.^^ Neohetra- 

mine has also become the active component of a popular “cold-aborting” 
drug, Anahist. 


e. Thiophene Derivatives 

i-u isostere of Pyribenzamine, (Thenylene, Histadyl, Thenfa- 

dil) IS closely related to Pyribenzamine in toxicity and dosage level.^-' 

Winter, Federation Proc., 6, 228 (1947). 

“ 1‘riotlman and Tolstooushov, U. S. Pat. 2,465,865 (1049). 

^( 1049 "'* Henderson, ibid., 7, 306 

“Femborg and Bernstein, /. Lab. Clin. Med., 32, 1370 (1949). Weston, J Am 

Ohem. sJ:- 
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TABLE I. Some Antihistaminic Substances 


Brand Name 
(and/or generic Name) 


Chemical Name 


Benadryl (Diphcri- /3-Dime(hyIamino 
hydramin) ethyl benzhy- 

(Amidryl) dryl ether 


Linadiyl 


Decapryn 

(Doxylamine) 


^-iXIorpholino- 
ethyl benzhy 
dryl ether 


(/3-Dimethyl- 
aminoethoxy)- 
methyl-phcnyl 
(2-pyridyl) 
methane 


o-Benzylphenyl- 
(/3-dimethyl- 
aminoethyl )- 
ether 


Formula 


(C6lIs)2CIIOCH2CIl2N(CH3)2 


CH2CH2 


(C6H6)2CH0CH2CH2N 


CH2CII2 


CH 


CcTTb—COCIT 2CIl2N(CH3)2 


CftH 6 CPl 2 

/^ocii3Cn2N(cir3)2 


2325 Il(hone) 
P(oulenc) 


Antergan (Ler- 
gitin, Bridal) 


Pyribenzamine 

(Tripelen- 

namine) 


Diatrin 


N,N-Dimcthyl- 

N'-phenyl-N'- 

cthylethylcncdi- 

amine 

N,N-Dimethyl- 

N'-phcnyl-N'- 

benzylclhylenc- 

diamine 

N, N-Di methyl- 
N'-( 2 -py^idyl)- 
N'-benzylethyl- 
enediamine 


N, X-Dimethyl- 
N'-phenyl-N^ 
2-thonylcthyl- 
enediamine 


CcnsNCii2cn2N(cii3)2 


C 2 II 5 


C6lUCIl2NCIl2CIl2N(Cir3)2 


Colls 


CelUCIl2NCIl2CIl2N(Cir3)2 


C6ll5NCH2CIl2N(Cir3)2 


CH 
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CraDd Name 
(and/or generic Name) 


TABLE I {Continued) 

Cliomioal Name Formula 


Iletrumine 


N,N-Dimethyl- 

N'-(2-i)yn- 

midyl)-N'-bc*ri- 

zylethj’lciie-di- 

amine 


C6ii6CiLNcii2Cjr2N(cir3)2 



Neoantergan 
(Anthis an, 
Pyranisamine) 


Neohot I’ainine 


N, N-Dimethyl- ^CIIaNCI 12011 I^NC Cl I 3 ):. 

N'-(4-mcthoxy- I 

benzyl )-N'-(2- /A; 

Ijyridyl) clhyl- 
enediamine 



N ,N-Diinethyl- 
N'-(4-mcthoxj’- 
benzyl)-N'.( 2 - 
pj-rimidj l) 
ethylenediainine 


CILO 



>CH2i\Cir2CIIoN(Cira)2 


N N 



Thenyleno (Ilista- 
dyl, Mctapyril- 
ene, Thenyl- 
pyramine, 
Thenfadil) 


N,N-Dimethyl- 

N'-(2-thenyl)- 

N'-(2-pyridyl) 

ethylenediamine 


S 

i< ^iCIDNCIDCIIzNCCIDj 



Chlorothen N,N-Dimcthyl- 

N'-(5-chIoro-2- 
thenyI)-N'-( 2 - 
pyridyl) ethyl¬ 
enediamine 


S 


C\(( ^CJI^NCIDCILNCCHa); 



N 



Antistin 


2-(N-Phenyl-N- 
bonzylamino- 
methyl) imi¬ 
dazoline 


N—OIL 

C6H5CH2NCTI2C 

I ^NHCIIs 


CeHs 


Table continued 
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Brand Name 
(and/or generic Nome) 


TABLE I {Continued) 


Chemical Name 


Formula 


Thephorin 

(Bhenindainine) 

(XXIV-48) 


RP-3015 (Dipar- 
col) 


HP-3277 (Phener- 

Kan) 


Pyrrolazoto 


Trimeton 


ITydrillin 


Di-Paralene 

(Perazil, 

Chlorcyciizine) 


2 -Mcthyl-l)- 
phenyl-1,2,3,4 
tetrahydro- 
pyridindene 


10-^-Dimethj’l- 

aminoothyl- 

phenolhiazine 


10 -(2-])imothyl- 
aniino-l-propyl) 
phenot hiazino 


10-^^i-Pyn•olidino 
ctliyl) phono- 
thiazinc 


1-(N,N-Dimethyl 
amino)-3- 
phenyl-3-(ct- 
pyridyl) pro¬ 
pane 

Diethylamino- 
ethyl 0,10-di- 
hydroanthra¬ 
cene-0-carboxyl 
ate 

l-(p-Chlorobenz- 

hydryl)-4- 

methylpipera- 

zine 


NCII, 




CH 


CJIb 






CILCILNCClDt 



(:n2(.’ii(CH3)N(Ciij)2 




CfTjCHa 


CHjCHjN 


CILCIfj 




iCii(Cen,)CH2Cfr2N(CTr,)2 


(:02crr2Cir2N(C2H6)2 

ij 


CH: 


(p-C1C,H4)2CHN 


HjC 

I NCH 


\ 


CHjCH, 
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Several compounds resembling Thenylene, but containing halogenatcd 
thiophene nuclei, show increased antihistamineactivity and lowered toxicity. 
The 5-chloro derivative (Chlorothen) is reported to be twice as active and 
one-half as toxic as Pyribenzamine, and to have twice its duration of action. 
Thenylene also leads to prompt subsidence of manic symptoms not re¬ 
sponding to sedatives.®^"" 

The synthesis of Chlorotlien (XXI\^-32) consists of a comlensation of 
a-chloropyridine with /3-dimetliylaminoethyIamine followed l)y treatment 
with 5-chloro-2-thenyl chloride. (XXIV-33). The latter is prepared by 
chloromethylation of 2-chlorothiophene.^^ 


HCHO + HCN 


IIOCII 2 CN (CIl3)2NCIl2CN 


II 2 


Ni 


(CIl3)2NnCIl2CH2NH 




Cl 


N 




NI-ICHoCIl2N(CTi3)2 


Cl^^ 


\ 


IICHO 


Ct<^->,CIl2Cl 


HCl 


(XXIV-33) 


CII2/®>,C1 




CH2C]l2N(CIl3)2 

(XXIV-32) 

Ihe non-chlorinated 3-thenyl analog has about 1.5 times the activity 

of thenylene. The 2-me1hylfuryl groui) may also reidace the benzyl group 

of I yribenzamine without significant change in antihistaminic potency. 

The thiazole isostere of Neoantergan. N,N-dimethyl-N'-2-thiazolyl- 

N'-p-methoxybenzyl ethylenediamine (XXlV-34), has a low incidence'of 
side reactions.^® 


Bryant, Am. Prnedtioner, 1, 132 (1950). 

Ta ^ English, and Anderson, J. A?>i. Chem. Soc., 69. 1549 (1947). 

Bernstein and Fcinberg, J. Lab. Clin. Med., 34, 1007 (1940). 
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similar manner, and the possibility of pharmacologically active chelated 
complexes may have to be considered in such cases. 

(2) Derivatives of Piperazine 

Another case of including the ethylenediamine chain in a ring is seen in 
l-phenyl-4-dimethylaminoeth3dpipera2ine (XXIV-IO) which antagonizes 
up to sixteen lethal doses of histamine. l-Phenyl-4-(4"-tetrahydropyranyl) 
piperazine (XXIV-41) acts similarly.^* 

CH2CH2 


C0H5N' 


NR 


CH2CH2 


CU2CIU 

/ 

CII3N NCR 

/ 

CII2CH2 




Cl 




Cl 


(XXIV-40): R = (CH2)2N(CH3)2 

CH2Cn2 


(XXIV-42) 


(XXlV-41): R = CH 


O 


CIIoCH 


RMethyl-4-(p-chlorobenzhydryl) piperazine (XXIV-42) has been tested 
under the names of Chlorocyclizine or Perazil. It is considered a highly 
clTective drug.^® 

(3) Phenothiazinc Derivatives 

Ilalpern and his coworkers^® introduced a number of 10-(/3-diraethyl- 
ammoalkyl) phenothiazine derivatives as potent antihistaminics in which 
one of the nitrogen atoms of the ethylenediamine chain is part of a 
heteroring. The compound named Phenergan (XXIV-43) can be prepared 
from /3-(10-phenothiazine) isopropyl chloride and dimethylamine under the 
influence of copper powder. 

+ HN(CIl3)2 











CHaCncicri 


CIl2CH(CH3)N(CH3)2 

(XXIV-43) 

4z, 1941, 3394 (1948). 

ll 27, 1750 (1949). Brown, Ann. Allergy, 8, 32 (1950) 

Huttrer, Enzymologia, 12, 293 (1948). 
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RP 3015 (Table I) is capable of counteracting twenty lethal doses of 
histamine, wliile Phenergan which differs from it only by one methyl group, 
is 75 times as active. This compound is one of the most powerful anti- 
histaminic substances yet discovered. Like other antihistaminics, Phen¬ 
ergan increases the pressor effects of epinephrine. 

The diethylaminoethyl analog of this phenothiazine derivative (Di- 
parcol) has been found useful in the treatment of Parkinsonism (cf. Chapter 
XXII). This behavior shows perhaps an overlapping with curariform ac¬ 
tivity. It is therefore interesting to record that Diparcol is a specific 
inhil)itor of the enzyme pseudocholinesterase**^ which is related in action to, 
but biochemically different from cholinesterase.'*^ 10-(2-Diethylamino- 
propyl) phenothiazine, a higher homolog of Diparcol, is reported to be even 
more effective in Parkin.sonism.'*^'^ 

It has been hoped that very potent drugs of these series might counter¬ 
act the effects of gastric stimulation of histamine, but even the most active 
phenothiazine derivatives do not have this property to a useful degree. 

Cyclic analogs of the phenothiazine derivativ'es seem to be generally 
capable of protecting guinea pigs against histamine-spray induced ana¬ 
phylactic shock. If the activity of Benadryl is taken as 1, the following 
compounds may serve as examples in this compari.son: 






((’H2)2N(Cri3)2 
Activity: 17 




S/^ciiAy 

(CH2)2N(CIl3)2 

(XXIV-44) 
Activity: 2 


^/CH2\yv 


S/\chA^ 

(CIl2)2N(CH3)2 

(XXIV-45) 
Activity: 4 


5 . Monoamines 


a. Trimeton and Chlou-Trimeton 

It will be noted that in the dibenzothiapyran derivative (XXIV-44), 
and in the 9,10-dihydroanthracene analog (XXIV-45), an ethylenediamine 
chain is no longer present but only one nitrogen carries the basic function 
of the molecule. A similar variation of the diamine and ether structures is 
found in Trimeton, 3-phenyl-3-(2-pyridyl)-dimethylaminopropane (XXIV- 
46). 

This drug shows antihistaminic action in doses from 0.1 to 2 mg./kg. 
depending on its mode of administration, and 51 mg./kg. provide up to 

« Gordon, Nature, 162, 146 (1948). For a classification of cholinesterases, see 
Augustinsson and Nachmansohn, Science, 110, 98 (1949). 

Sigwald, Presse. Med. (Paris) 57, 819 (1949). 
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> 

Cl 

/V 






pCHCH2CIl2N(CH3)2 

/N. 

1 

CllCll2CH2^iClU)2 


CeHe 


/ 


(XXIV-46) (XXIV-47) 


sixteen hours protection from histamine fog in guinea pigs. Tlie p-cliloro 
compound (XXIV-47) i.s even more active. It is said to have 50 times tiie 
activity of some of the otlier widely ii.sed antihistaminic drugs. 

b. Tiiepiiouin 

In Thephorin (XXIV-48), the alkyl amine side cliain is part of a tetra- 
hydropyridindene ring.^^ The LDm of this drug is approximately the same 
as that of Benadryl or Pyribenzamine but it is reported more potent and 
less toxic than these drugs. It has iieen used widely in pediatric practice’^ 
and has been tested in paralysis agitans. Thephorin is supposed to sup¬ 
press secretion of gastric hydrocldoric acid. It also prevents swelling from 
bee venom, and is supposed to act favoral)!}' in sea sickness. 


6. Overlapping Activities 

Many antihistaminic drugs contain structures which may be expected 
to elicit pressor, or local anesthetic effects. Actually, many useful anti- 
hi.staminies cau.se pronounced local anesthesia. In the case of the weakly 
active antihistamine compound Anthalan [XXIV-49; 3'-di-(n-biityl)amino- 
methyl-4,5.6-trihydroxybenzo-(l ,2,c) furan-1' (3')-one] the structural re¬ 
lation to the analgetic amines of the aminophthalidylalkane .series (Chapter 
XI) is especially pronounced. 


CO 

HO 


\ 

/ 


o 


OH CHCH2N(C4H9)2 
(XXIV-49) 

cf. Ilultrer, Ex-perienUa, 5, 53 (1949). 

'' Papa Schwcnk, and Shorlook, J. Am. Cheni. Soc., 71, 887 (1949). Labelle 

and lislow, /■ ederaUon Proc., 7, 236 (1948); 8, 338 (1949). 

Wenner, U. S. Pats. 2,470,108 and 2,470,109 (1949). 
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A similar relation exists for the drug Amethone, 3-(/3-diethylamino- 
ethyl)-3-phenyl-2-benzofuranone (XXIV-50). The compound prevents 
histamine shock in guinea pigs in doses of 7 mg./kg. It is synthesized by 
condensing phenol with mandelic acid in sulfuric acid solution, and attach¬ 
ing the side chain to the sodio derivative of the lactone (XXIV-51).^^ 


/Non 


HO 


+ 


CO 


PIOCH 

CcHb 


I 

CeHfi 




CO 


V/^C^Na+ 


CeHs 

(XXIV-51) 


CKCIbhNCCalU, 



CO 


V/\C^CH2CH2N(C2H5)2 


Celi^ 


(XXIV-50) 


Much speculation has centered around the possibility that antihista- 
minic drugs may have a mode of action related to that of epinephrine, a 
powerful agent in relieving acute asthma. However, certain antihista- 
minics of the Foiirneau series actually antagonize sympathomimetic effects 
of epinephrine. Moreover, various adrenergic blocking agents, especially 
a-naphthylmethyl-ethyl-/3-chloroethylamine (XXIV-51), are more effective 
than epinephrine in preventing histamine as well as anaphylactic shock in 
guinea pigs.^® 

C02CH2CH2N(C2Hb)2 

CH2N(C2H5)CH2CH2CI I 


(XXIV-51) 


(XXIV-52) 


That overlapping of .sympatholytic, antispasmodic and antihistaminic 
properties has been observed in many compounds, has been mentioned in 
other Chapters. Thus, dicthylaminoethyl 9 , lO-dihydroanthracene-9-car- 
boxylate'9 (Hydrillin, XXIV-52), /3-diethylaminoethyl phenylpropylacetate 


Weston and Brownell, Am. C'hoin. Soc. Meeting, Atlantic C'ity, 1946. 

Loew, Physiol. Revs., 27, 542 (1047). 

Cusic, U. S. Pat. 2,450,122 (1948). Hambourger, Freese, Winbury, and Michiels, 
J. Pharmacol. Exptl. Therap., 94, 367 (1948). 
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(XXIV-53, Propivane), Demerol (Chapter XI), and other typical anti- 
spasmodic esters antagonize the spasmogenic action of histamine on intesti¬ 
nal muscle.The 1,3-dioxolane (XXIV-54) is a potent inhibitor of acetyl¬ 
choline and potentiates Decapryn in sensitized guinea pigs. 

C6ll6CH(C3H7)C02CH2CT-I.2N(C2H,)2 

(XXIV-53) 

O—CHCH2N(CH3)2 

(C6H5)2C^ 

\ 

O—CIIz 

(XXIV-54) 

The whole pharmacological question of the interdependence of epineph¬ 
rine (adrenergic), acetylcholine (cholinergic) and histamine activities needs 
re-examination. There is a growing tendency to believe that the antago¬ 
nism or occasional synergism of these three natural agents may be due to 
their competition for the same cell receptors (enzymes), and that drugs 
mimicking or antagonizing their effects enter into this competition and thus 
alter the natural equilibria of the reactions at the receptor sites. It is also 
possible that the adrenal cortex hormone, Cortisone (Chapter XXIX) acts 
by an antihistamine-like mechanism. Cortisone appears to prevent the 
formation of histamine from proteins and thereby to counteract the fibrosis 
in aging tissue which is promoted by histamine. There is evidence that 
ACTH (Chapter XXIX) is essentially an antiallergic factor since it removes 
the symptoms of some diseases without curing the disease. Even vitamin 
Bi 2 has been shown to protect guinea pigs against serum sho<-k,“ and 

adenosine-5-monophosphate to be effective against intense itching (pru¬ 
ritus) 
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ulcer, tumor or other structure and cast a contrasting shadow which 
makes the organs visible for roentgenography or fluoroscopy. 

Barium sulfate, thorium dioxide and bismuth oxides, made into stable 
suspensions, are the most widely used agents in this group. The suspensions 
are either administered by mouth, or as retrograde enemas for the visuali¬ 
zation of the bowel. Because tlie heavy inorganic particles soon settle out 
even of the most finely divided suspensions, some roentgenologists prefer 
iodinated organic compounds which arc, in addition, even more opaque to 
X-rays. 

2. Iodinated Organic Compounds 

The discovery that iodinated organic compounds can be used as X-ray 
visualization diagnostics stems from studies of Binz.* All of them contain 
iodine atoms in relatively' firm covalent linkages, and release of iodide ions 
is not to be expected readily. Neverthcle.ss, caution is usually advocated 
against their use in tuberculosis and thyroid diseases which are adversely 
affected by iodide ions. 

The organs throughAvhich the injected materials pass primarily are the 
blood vessels, the heart, the gall bladder, the kidney, bladder, and urethra. 
Among the requirements of a satisfactory radiopacpie are rapid excretion 
and lack of systemic absorption, apart from low toxicity and the ability to 
produce adequate opaqucne.ss. The clinically used drugs of this series are 
often excreted witliin thirty to one-hundred minutes after injection, and 
the choice of iodinated compounds is now wide enough to permit the appli¬ 
cation of exacting standards. 

The screening of iodinated radiopaques can be carried out in mice. 
The animals are autopsied, and the iodine content of their gall bladder is 
determined.® 

From a chemical point of view it seems offhand virtually impossible to 
flilfill the solubility requirements of X-ray diagnostic iodine compounds for 
intravenous injection. In order to cast deeply contrasting shadows, a high 
percentage of iodine, preferably over 50%, is desirable. That puts the 
molecular weight of a compound of even a modest molecular formula above 
300, since a high percentage of iodine can often be achieved only by intro¬ 
duction of at least two atoms of the element. Compounds having molecular 
weights of this magnitude can barely be expected to be highly soluble in 
neutral aciueous media. Yet, the roentgenologist prefers substances with a 

Large amounts of the drug have to be admin¬ 
istered (30 grams or more in one injection of Skiodan), and if the solubility of 

•See Binz, Angew. Chem. 48, 425 (1935). Maier-Bode and Altpeter, Das Pyridin 
und seine Denvate, Wilhelm Knapp, 1934, pp. 138-141. 

* Dews, Tornaben, Lang, Norton, and deBeer, Federation Proc., 8, 316 (1949). 
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the agent would be around 10 or 15%; the large volumes of fluid would 
upset the water balance of the body and obscure the diagnosis. Therefore, 
much work has been done to convert slightly soluble highly iodinated com¬ 
pounds into highly water-soluble physiologically inert derivatives. Gluco- 
sides and esters of sugar acids and similar hydroxylated materials have been 
subjected to extensive trials, but the really valuable contribution to the 
solubility problem was the discovery that the ethanolamine salts of poly- 
halogenated acids whose alkali salts are frequently sparingly soluble, can be 
dissolved in water at high concentrations. 

This finding has also been applied to quite unrelated fields. 2,4-Di- 
chlorophenoxyacetic acid, 2,4,6-trichlorophenoxyacetic acid, chlorinated 
naphthoxyacetic acids and similar substances useful as plant hormones 
are also too insoluble as such or as their sodium salts, and cannot even be 
sprayed at the high dilutions necessary for optimum hormonal stimulation. 
Here again, the salts of ethanolamines are readily soluble in water. 

The difficulty of (lis.solving iodinated compounds in a minimum of 
water is greater for aromatic and heterocyclic compounds than in the ali¬ 
phatic series. Sodium iodomethanesulfonate (Skiodan, ICH 2 S 03 Na) dis¬ 
solves satisfactorily at high concentrations. Radiopaques for which high 
solubility has not been achieved may still retain roentgenographic usefulness 
by other routes of administration. They may be given orally in syrups, or 
injected into the renal pelvis through a ureteral catheter for visualization 
of the urinary tract. However, the parenteral route of injection remains 
the preferred working method. 

One of the earliest and still most successful organic iodinated radio¬ 
paques has been diethanolammonium 3,5-diiodo-4-pyridone-l-acetate (Dio- 
drast, lodopyracet, XXV-1). It is synthesized from pyridine which, when 
heated with thionyl chloride, yields 4-pyridiniumpyridine chloride hydro¬ 
chloride (XXV-2). The latter can be hydrolyzed to glutacondialdehyde 
(XXV-3) and 4 -aminopyridine which is then converted to 7 -pyridone 
(XXV-4) by treatment with acids. lodination, followed by condensation 
with chloroacetic acid, yields the free acid which is then neutralized with 
diethanolamine. 

In a .similar way, sodium 2 -oxo- 5 -iodopyridine-l-acetate (Uroselectan, 
lopax) was synthesized but it has been superseded by a .safer urographic 
agent, the salt of 1-methyl-3,5-diiodochelidamic acid (Neo-Ipax, Uroselectan 
XXV-5). Its preparation starts from 7 -pyridone -2 ,G-dicarboxylic acid 
(chelidamic acid, XXV- 6 ) which can be obtained by ammonolysis of 
chelidonic acid (XXV-7). Chelidamic acid is iodinated, and the hydrogen 
on the cyclic nitrogen atom replaced by a methyl group. 
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Another pyridone, the diethanolammonium salt of 3-iodo-4-hydroxy-6- 
methyl-2-pyridoneacetic acid (XXV-8) is used under the name of Rayopake 
as a non-toxic and readily absorbable agent. It is readily excreted, and 
this eliminates the need to aspirate the bladder or urethra after its use. 
A sunilar salt (XXV-8a) has been recommended for hysterosalpingography.^* 

CH2C00--+NH2(CH2CH20H)2 


OH (XXV-8) 


O 



NCH2C0r--^NH2(CIl2CH20II)2 


I 


O 


(XXV-8a) 


CH3O I 



^(CIl2)l0CO2C2H5 

(XXV-8b) 


Among well tolerated iorlinated aromatic derivatives are ethyl ll-(p- 
iodophenyl) undecanoate^^ which is used for myelography, and the o-iodo- 
m-methoxy analog (XXV-8b). d’he latter gives sharp and uniform visuali¬ 
zation of the human spinal canal.’® 

G0Nircn2C02Na 

Ai 

(XXV-9) 

Sodium o-iodohippurate (Hippuran, XXV-9) is prepared by treating 
o-iodobenzoyl ehlori<le with glycine. It i.s an efTective diagnostic aid in 
urography. Sodium 3-acetamido-2,4,0-triiodobenzoate (Urokon) is also 
widely used. 

Several of the agents discussed above can serve also in X-ray visuali¬ 
zation of the lungs and of the gall bladder. However, oral administration of 
certain other substances appears to give better results for the latter purpose 
(choleography, cholecystography). 

^'‘Schnider, U. S. Pat. 2,212,187 (1040); Norment, Am. J. Obai. Gynecol., 49, 253 
(1945); Montgomery and Lang, ibid., 51, 702 (1946). 

Strain, Plati and Warren, J. Am. Chem. Soc., 64, 14.36 (1942). 

Papa, Schwenk and Klingsberg, J. Am. Chem. Soc., 72, 2623 (1950). 
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A widely used cholecystographic agent is a-phenyl-/3-(3,5-diiodo-4- 
hydroxyphenyl) propionic acid (Priodax, XXV-10). Although very toxic 
when injected parenterally, the compound is well tolerated and readily 
eliminated after oral ingestion."* It should not be used in acute nephritis 


I_ 

HO<^ ^CHsCHCCOzH) Calls 

I 

(XXV-10) 


NaOaC 



(XXV-12) 


and uremia. A large number of related iodinated diphenylaliphatic acids 
have been found without value. 

A similaramphoteric compound, 2-(3,5-diiodo-4-aminophenyl)-3-phen- 
yl-propionic acid (XXV-11) has been recommended as a radiopaque agent 
for gall bladder diagnosis.^ 


I_ 

H2N<^~^CII(C02H)CH2C,n5 

I 

(XXV-11) 

The other most important agent for cholecystography is tetraiodophen- 
olphthalein (XXV-12) which is most conveniently obtained by direct iodina- 
tion of the parent in<licator. It is used as the sodium salt under various 
names such as iodophthalein, lodikon, Phentetiothalein etc. 


3. Iodinated Vegetable Oils 

Iodinated oils are prepared by adding iodine to the double bonds of 

unsaturated vegetable glycerides. The resulting viscous products such as 

Lipidol, an iodized poppy seed oil, are injected as contrast media in the 

diagnostic visualization of lesions and tumors of the spinal cord, the bronchies, 

sinuses, lungs, seminal vesicles and female sex glands. The oils of sesame,’ 

rape and poppy seeds and others may be used. They have virtually no 

pharmacological effects but their viscosity is a potential source of danger; 

they have to be injected under high pressure, are absorbed only slowly, and 

droplets floating off into the circulatory capillaries of vital centers can 
cause embolism. 

* Dohrn and Diedrich, U. S. Pat. 2,345,384 (1944), 

® L(^is, Pratt, Homiller, Tullar, and Archer, J. Am. Chem. Soc., 71, 3749 (1949). 
Hope and Archer, Federation Proc., 8, 303 (1949). 
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These drawbacks can be countered in two ways. One is to add other 
halogens along with a sufficient percentage of iodine to the double bonds 
and thereby to decrease the viscosity of the products. lodochlorol is an 
example of such materials. Even bromine alone, without any iodine, has 
furnished a satisfactory radiopaque in brominated olive oil (Brominol). 
The alternative procedure is to choose esters other than glycerides for 
iodination. Ethyl diiodobrassidate, CH3(CH2)7CHICHI(CH2)iiC02C2H6, 
is a useful diagnostic oil of this type. Synthetic analogs have also been 
successfully employed. A mixture of isomeric iodophenylundecylenic acids 
(Pantopaque) can he emulsified with water and injected; it is valuable for 
roentgenological visualization of internal mucosas. Ethyl iodophenylundecy- 
late is used under the name of Myodil as a contrast agent for myelography, 

II. DIAGNOSTIC AGENTS FOR RENAL AND HEPATIC FUNCTION 

Diseases of the kidney may be diagnosed and followed by evaluating 
the capacity of the organ to carry out its normal functions. These include 
the ability of the kidney to concentrate or dilute urine, to eliminate ma¬ 
terials introduced as diagnostic aids, and to excrete waste products (e.g. 
urea) as measured by renal clearance tests.® A combination of tests for 
these functions will give the diagnostician a fair picture of the condition of 
the kidney. 



OH 

(XXV-13) (XXV-14) 


The dyestuffs Phenol Red (phenolsulfonphthalein, XXV-13), the blue 
dye Indigocarmine (indigodtsulfonic acid, XXV-14) and methylene blue 
(XXXV-20) provide an excellent means of testing the functional capacity of 
the kidney."^ Since they are readily absorbed, essentially liarmless, and 
excreted almost entirely through the kidney, they can be detected in the 
urine five to ten minutes after parenteral injection. By determining 

^ Freyberg, J. Atti. Aled, Assoc. 105, 1575 (1935). 

^ Meyer and Jacobsen, Organic Chemistry. de Gruyter, Berlin, 1920, p. 
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colorimetrieally the percentage of tlie dye excreted l>y The normal kidney, 
abnormal values permit conclusions concerning renal disorders. 

In a similar manner, hepatic function can l)e estimatcrl. Certain 
dyestuffs are eliminated from the blood chiefly by the liver and excret ed in 
the bile. The time needed before tlie dye is removed from the blood by the 
liver serves as a diagnostic means of the functional capacity of tlie organ. 
The dye is injected intravenously into one arm, blood is withdrawn from 
the other arm after gi\'en inter\-als and the plasma is analyzed colorimetri- 
cally for the amount of dye remaining in the circulation. Since the liver 
empties the dj’estuff \)y way of the gall bladder into the duodenum, tests 
analyzing the percentage of dye in the feces and intestinal contents have 
also been set up. 
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(XXV-15) 

The dyes used for hepatic functional tests are tetrabromo- or tetra- 
iodophenolphthalein (XXV-12) as well as the tetrachlorophenolphthalein 

(XXV-15) resulting from the interaction of tetrachlorophthalic anhydride 
and phenol. 


NaOf'^/ O 

Cl/^COONa 

Cll^Cl 

Cl 

(XXV-10) 

Hose Bengal, the disodium salt of tetraiodotetrachlorofluorescein (XXV- 

16) is also an excellent indicator of liver function. 
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in. RADIOACTIVE COMPOUNDS 

Compounds containing radioactive isotopes have become more readily 
available with the development of cyclotrons, betatrons and other machines 
in which bombardment of chemicals with atomic particles can be carried 
out. Fairly large cjuantitics of radioactive elements and their compounds 
arc obtained from the wastes of the fission products in atomic piles, and 
have been made a^'aiIable to chemists, physicists and medical scientists for 
experimentation and for possible use in medicine. The factors limiting the 
use of radioactive compounds are the high price of the materials, the danger 
from uncontrolled radiation to the patient and the attending personnel, and 
the lack of comi)rchonsive information about such compounds which is 
overcome onlv slowlv. 

% 4 

Diagnostic aiul therapeutic applications of radioactive compounds are 
closely interwoven. Fjvon if a compound is administered solely for the 
destructive effect of its radiation on neoplastic tissue, its accumulation in 
that tissue and its excretory path will be followed closely with Geiger count¬ 
ers and other electrometric instruments. Therefore both a few diagnostic 
and therapeutic uses of radioactive compounds will be considered on these 
pages. 

TAHhb I. SoMR ItAoioACTivK Compounds in Medicine 

Nnmo Formula 

Rarliosodiiim Chloride. .. 

Sodium Itadioiodidc . 

Radioe;irl>c»n Dioxiile. . 

Radioiron Sulfate . 

Tta<lioeol):dt Nitrate 
Sodium Ra<liophosphate . 

Radioactive .\cetic ,\oifl 

Raflioactive Chhuoforni 

Radioactive Renzene. 


. Na»‘Cl 
.Nal"' 

C»02 

Fe“Sf)4 

C'o”-6HNO,)2 

C'Mrxx)()H 

CIl3C'<)OIT 

C'^TTCI., 

0011=011 

/ \ 

CH C'«H 

c»Ti—cir 


Several inorganic salts and structurally simple organic compounds pos¬ 
sessing radioactivity are available from the sources mentioned above. 
Those that have attracted medical attention are listed in Table 1. Such 
compoun.ls as benzene and acetic aci.l are not in them.selves of medicinal 
interest but have served as starting materials in many .synthe.ses 
active drugs. It is to be understood that none of the compounds in lable i 
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contain all of their labeled elements as radioactive isotopes. The atom.s 
labeled with the isotopic weights contain usually only a small percentage of 
the radioactiv’e isotopes while the remainder of tlie piirlicular “enriclied” 
element has the normal atomic weiglit. However, tlie radiation of even tiie 
small fraction of radioactive atoms can l.)e picked uj> with sensiti\'e Geiger 
counters. 


The study of organic radioacti^'c medicinals has iiad, so far, a purely 
biochemical purpose. Absorption, distribution, excretion and metabolic 
changes of a labeletl drug can be followed in the animal, and these investi¬ 
gations have confirmed many previous obser\'ations, and obliterated others 
concerning the fate of the drug in the organism. Since this iiroi)lem holds 
virtually all the answers a meilicinal chemist has asked for generations, and 
which could guide him in the future, a considerable number of radioactivel 3 '^ 
labeled drugs, hormones and vitamins have alreadj' been investigated. 

The preparation of isotoj)ically labeled drugs has tobe based (*xclusi\’ely 
on the availability of radioactive starting material. The cour.se of tradi¬ 


tional syntheses has to be alteretl in virtually ever^' case, and must be 
adapted to reactions yielding near-quantitative yields in each step. The 
high price of the decisive radioactive starting material usually makes 


necessary work on a small scale, and the production of 0.1 to 0..5 gram of a 
labeled drug represents a satisfactory achievement. Indeed, the yields are 
often not measured in units of weight but in millicuries of radiation emitted 


by the compound. 


For purely scientific purposes, a tlrug may also be labeled w'ith non¬ 
radioactive isotopes, and its metabolism can be followed by mass-spectro- 
graphic studies. This precludes, however, application to therapy, and 
requires cooperation with a physicist trained in mass-spectrographic technic, 

whereas any chemist or biologist can evaluate radioactivity with a Geiger 
counter. 


Radiosodium chloride has been injected and used to delineate ac¬ 
curately the extent of intact circulation in gangrened legs. Radioactivity, 
that is, circulation of NaCl has been detected by this device in the leg below 
the knee even if gross examination would have indicated the necessity of 
amputating above the knee. The water content of the body can also be 
determined on the basis of radiosodium distribution. 

Radiostrontium and radiocarbon compounds are deposited as carbo¬ 
nates in bones, teeth and sarcomas and can be used to diagnose disease of the 
hard tissues, or to destroy sarcomatous tissue in the body. 

Sodium radioiodide is rapidly concentrated in the thyroid gland and its 
irradiation arrests the spread of malignant tumors in this organ. Before 
therapeutic doses are administered, the salt is given in smaller amounts to 
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determine uliether the cancer tissue or its metastases will respond to radia¬ 
tion therapy. 

In a similar manner, sodium radiophosphate is concentrated in tissues 
containing phospholij>ids, and lias lieen found to accumulate in erythrocytes 
ami in tlnisc hoi ly st ructures from which rod blood cells arise (erythropoietic 
tissucsi. Administralion of radionctive pliospliates lias led to a temporary 
arrest of fatal h'ukcniia an<l prolongation of life by many years. This 
treatment has the advantage over irradiation with X-rays in that the latter 
strike a wide tissue area and (‘ause ra<liation sickness on repeated use, while 
the radiation produced by radiophosphoru.s is localized and concentrated in 
the diseased tissue onlv. 

'This seh'cti\e radiation makes possible treatment of small cancerous 
areas on the skin without risking radiation burns in the surrounding sec¬ 
tions. Hadiogold colloid can be injected directly into tumor tissue and 
ile^troys it without dilTu>ing into the surrounding healthy tissue. The short 
half-lif(‘ I ime of this particular radiation also eliminates the danger of cumu- 
lati\(' radiation f'ffects in the body. Similar adxantages are attributed to 
radiocobalt .^.-dts which have* found increasing use in the treatment of 
mnlign.imies.^ 

."^e^'f'ral organic com[)i»unds have bf?en foutid to afford (•onsiderable 
Iirophvlactic p?()t#“cfion against If'thal doses of llorntgen rays. Among 
fhem are thiourea, arul p-aminopropiophenone.® 




‘'S\inpo^iiiin I'll iVO 

Storcr Mini ( ooti, I'ror Sor F.xp lii'il 


" J. ('Ihi !nrriil , 28. 
1/fi/ . 74. 202 (l'>.')0y 


i;t7r, (laio). 



CHAPTER XXVI 


Thyroxine and Antithyroid Drugs 


Antithyroid drugs are used to counteract the efTects, or to inhibit tlie 
synthesis of the active principle of the thyroid gland. In order to appre¬ 
ciate their significance, a brief discussion of the gland and its hormones is 
necessary. 

Clasping the upper end of tlie back of the trachea in man and mammals 
lies a vascular endocrine gland, the thyroid. It weighs approximately 95 
grams in the human. Ihyroidal tissue is found in \'arious forms in many 
higher and lower animals, and seems to fizlfill (he mi.ssion of bringing about 
and accelerating maturation of the animal.^ In addition, the gland exerts 
a profound influence on the maintenance of basal oxygen metabolism, 
norma! oxidations and reductions, food intake and growth of tissues. 

I. PHYSIOLOGICAL ACTIONS OF THE THYROID HORMONE 

The main action of the active hormonal principle of the thyroid gland 
is its calorigcnic activity, that is, its effect on the rate of oxidative cell 
metabolism. All tissues of the animal body are affected. Deficiency of 
thyroid hormone (hypofunction, hypothyroidism) is expressed by char¬ 
acteristic symptoms groipjcd together under the name of myxedema. 

1 he biochemical cause of these symptoms is unknown, but in liypothyroidism 
many other normal metabolic functions, .such as salt and water balance in 
the ti.s.sues, the normal efficiency of the central nervous system, as well as 
the operation of the circulatory system are alfered or impaired. JMoreover, 
the production of thyroid hormone is stimulated by “thyrotropin”, -a 
hormone of the anterior lobe of the pituitary gland. This gland in turn is 
affected by hypo- of hypertlij-roidism, as are other endocrine glands, the 
parathyroids and the sex glands (gonads). Any upset of norma! thyroid 
function therefore sets in motion a long series of physiological events related 
to the activities of the affected organs. 

Hypothyroidism resulting in myxedema is observed either as a disease 
m adults or juveniles, or as an inherited deficiency in infants and children. 

* Means, Albert, Astwood, Chaikoflf. Dempsey, De Ilobertis, Goldsmith, Leblond, 

o 7 n Rawson, Reincke, Salter, and Taurog, Ann. N. Y. Acad. Sci., 50, 

^7l>-508 (1949). 
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Unless corrected by early administration of daily oral doses of thyroid 
preparations, such children become victims of cretinism. Lack of iodine in 
the diet, particularly in the center of vast continents which had never been 
inundated by prehistoric oceans, may be a contributing factor to endemic 
cretinism. Its occurrence may be reduced by mandatory incorporation of 
about 0.00075% of inorganic iodides into table salt.^" 

The cause of adult myxedema is unknown. The symptoms are a de¬ 
crease of metabolic rate and a general impairment of all functions, expressed 
even externally by a sluggish appearance with characteristic physical 
changes. Normal functions can be restored dramatically by administration 
of preparations containing thyroid hormone. 

Thyroid hyperfunction (hyperthyroidism) presents a greater challenge 
to the medicinal chemist. In this disease an overproduction of thyroid 
hormone takes place and results in a condition called thyrotoxicosis or toxic 
goiter. Depending upon the enlarged condition (hyperplasia) of the gland 
and upon certain clinical symptoms resulting from the disease, one usually 
distinguishes between two types of thyrotoxicosis, (a) exophthalmic goiter 
(Grave’s or Basedow’s disease), and (b) Plummer’s disease. As might be 
expected, basal metabolism is elevated, and the patient presents an emotion¬ 
ally exicted picture opposed to that observed in myxedema. Surgical re¬ 
moval of the major portion of the hyperplastic gland, or X-ray treatment, 
have offered the greatest relief from the distressing symptoms. Since pa¬ 
tients having a high metabolic rate cannot be operated on readily, pre¬ 
operative treatment with inorganic iodides or antithyroid drugs serves as a 
means of preparation for surgery. 

Adjunct drugs designed to relieve irritability of patients facing thyroid¬ 
ectomy are sedatives, and sometimes qiiinidinc to counteract cardiac 
fibrillation accompanying thyrotoxicosis. 

n. THE NATURE OF THE THYROID HORMONE 

Analysis of dried or fresh thyroid glands has demonstrated that the 
gland contains a large amount of iodine, principally in organic linkage, plus 
a small percentage of iodide ion. The amounts of organic and inorganic 
iodine derivatives found in other tissues, and in the circulatory fluids, are 
insignificant in comparison with those found in the thyroid. 

The fate of ingested or parenterally administered iodine compounds 
fan be .stvulied readily by lagging with the radioisotope P’* which 
has a half-life of eight days. It is available from deuteron bombardment 
of tellurium in the cyclotron or from nuclear fission of As early as 

The dispensation of iodides in foods was recommended in France in 1873, based on 
the work of Chatin. Cf. Greenwald, Science, 111, 501 (1950). 
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fifteen minutes after the injection of a dose of tracer potassium radioiodide 
into rats, a large percentage of it is ('oncentratcd in the gland, and 95% 
is incorporated into organic compounds. 

These organic compounds of iodine comprise proteinoid materials, 
from which, by h 3 ’drolysis, two aromatic compounds can he isolated, 
namely, thyroxine (/3-(3,5,3%5^-tctraiodo-4'“h3'drox3'diphenyl e(her)-a- 
aminopropionic acid, XXYI-1) and 3,5-diiodotyrosine (XXVl-2). Thy- 


HO 


>04 


CH2CHCOOII 


HO 



NH 


^CHsCHCOOH 

NH 2 

(XXVI-2) 


(XXVI-1) (XXVI-2) 

roxineis regarded as the circulating hormone of the thj'roid gland,^ although 
the protein thju'oglobulin (molecular weight, 075,000) from which thju’oxine 
is obtained, had previously been regarded as the carrier of hormonal ac¬ 
tivity. The major iodine-containing component of plasma has been identi¬ 
fied as thyroxine.- 

The structure of thj’roxinc was elucidated largely bj' Kendall,^ and by 
Ilarington and Barger,■* The classical synthesis bj'the latter investigators 
confirmed the structure and openeil up the path to further study of the 
relations of well-defined products of the gland. 

The synthesis of thj'roxine started with hvdroquinone inonomethyl 
ether which was condensed with 3,4,5-triiodonitrobenzene in butanone 
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* Taurog and Chaikoff, J. Biol. Chtm., 171, 439 (1047); 184, 99 (1950). 

* Kendall, J. Am. Med. ylssoc., 64, 2042 (1915); J. Biol. Chem., 39, 125 (1919). 

* Harington and Barger, Biochem. J 21, 09 (1927). 
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solution under the influence of dry potassium carbonate. 3,5-Diiodo-4- 
(4'-methoxyphenoxy) nitrobenzene (XXVI-3) thus obtained was reduced 
to the corresponding amine which was converted to the nitrile (XXVI-4) 
by a Sandineyer reaction in anhydrous medium. The nitrile was sub¬ 
jected to a Stephen reduction in chloroform solution to yield 3,5-diiodo-4- 
(4^-methoxyphenoxy) benzaldehyde (XXVI-.5). The aldehyde (XXVI-5) 
served as starting material for an azlactone synthesis of the alanine side 
chain, using hippuric acid. The unsaturated ester (XXVI-6) was reduced 

(XXVI-5) -h H 2 CCOOH 
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with hydriodic acid and red phosphorus, and 

hydroxyphenoxy)-phcny!l-a-amino propionic acid (XX\ 1-7) from the re¬ 
duction was iodinated in aminoniacal medium. The resulting tetraiocO 
compound (XXVI-1) was identical with DL-thyroxine obtained from 
globulin by alkaline hydrolysis. Acid hydrolysis of the 
hormonal protein of the thyroid renders n-thyroxine which is 
no more active than the racemic mixture but shows twice the activity 

the latter in some testing methods. 
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in. THE MECHANISM OF ACTION OF THYROXINE 


Nieman® made the assumption that thyroxine exerts its hormonal 
activity by participating in one of the many oxidation-reduction chains in 
the animal organism. The linkage of thyroxine to the large jirotein carrier 
in thyroglobulin, and the profound influence of the hormone on oxygen 
metabolism lends credence to this hypothesis. 

As an explanation of thyroxine activity, the following equation can 
be set up: 

I_ _ 

^CH2CH(NIT2)C00H 

I I 

(XXVI-1) 

I_ ^ I_ 

0 ={ ^;=0 ^C'll2CH(NH2)COOII 

i I 

+ 11+ + 2c 

Only compounds having a potential quinonoid arrangement of their aro¬ 
matic oxygen functions should therefore be cai)able of thyroxine activity. 
This hypothe.sis was verified by testing two isomers, (XXVI- 8 ) and 

(XXVl-9). 
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*Nieman and Redoman, J. Am. Chem. Soc., 63, 1549 (1041). Nieman and Mead, 
ibid., 63, 2685 (1941). 
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Only the o-hydroxy isomer (XXVI-8) can be oxidized to a quinonoid 
form (XXVI-10); it exhibits thyroxine activity, but because of its lower 
oxidation potential, only l/25th that of natural thyroxine. The m-hy- 
droxy derivative (XXVI-9) is incapable of quinone formation, and has been 
found inactive. 


IV. METABOLITE ANTAGONISTS OF THYROXINE 

Based on the fact that structurally similar compounds may either 
simulate each other’s actions, or interfere with each other’s biological re¬ 
actions, Woolley® prepared the p-nitrophenyl (XXVI-11) and p-nitrobenzyl 
(XXVI-12) ethers of N-acetyldiiodotyrosine, and tested them for a possible 
conversion to thyroxine-like compounds. Both these derivatives exhibited 
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(XXVI-12) 

antithyroxine properties in tadpoles and in mice but also evoked certain 
effects of the hormone. The corresponding benzyl and butyl ethers were 
inactive, hut the carboxybenzyl ether exhibited activity.®"" 

F.ven structurally simpler iodinated compounds can reduce oxypn 
consumption after an increase produced by administration of thyro.xine. 
3 ,5-Diiodoanisaldchyde dimothylacetal (XX\T-13) and 3,5-diiodo-4-ben- 
zyloxybenzoic acid (XXVI-14) possess this property. 

I x=x 

, PI02C< ^OCIl2C6ll5 


CH30<^ ^CH(0CH 


I I 

(XXVI-13) (XXVM4) 

Among other compounds which can overcome effects of thyroxine are 
certain iodinated phenoxyacetic acids, 4-hydroxy- and 4-benzy oxy- , 
diiodobenzoic acids, N-(4'-hydvoxy-3', 5'-diio<lobenzoyl)-3, 5 -di.odotyros.ne, 

and 2 -dimethylaminomethyldibenzofui an. 

e Woolley, ■/. Biol. Chem., 164, 11 (1946). noio^ 

6-Winzler, quoted by Holland, Am. J. Pharm., 121, 441 (1949). 

7 Editorial, A^aJure, 164, 699 (1949). Prnr 9 8 (1950). 

-Barker, Dirks. Klitgaard, Wawzonck and Wang. Federalion Proc., 9, 
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V. THE BIOLOGICAL SYNTHESIS OF THYROXINE 


During their work on the ln]>oratory s^'iithe.sis of Uiyroxine, Ilaring- 
ton and Barger suggested the possil)iHty that liie gland ma\’- make this 
hormone from its ever-present eoinpanion in the thyroid, 3 ,r)-diiodotyro- 
sine. This hypothesis is sui)ported ))y an in vitro experiment. When 
3,5-diiodotyrosine is ineubated at 00'^ in sliglitly alkaline medium, pref¬ 
erably with vigorous stirring and aeration, as much as 2.8% of the theoreti¬ 
cally possible yield of thyroxine is obtained after 18 to 20 hours. The 
reaction appears to be catalyzcil by manganese tetroxide.® It will be seen 
that the assumption of an analogous synthesis of the hormone in vivo has 
had a profound bearing on the explanation of the mechanism of action of 
antithyroid substances. The sequence of reactions involved must there¬ 
fore be studied more closely. 

Based on the findings in the oxidation of p-cresol,'-' the conversion of 
diiodotyrosine to thyroxine can be pictured*'^ first as an oxidative couj)ling 
of two molecules of diiodotyrosine (XXX'I-lo) to an intermediate (XXVI- 
10 ), wliich could suffer dissociation with the loss of one alanine side chain 
and formation of thyroxine (XXVI-1) and iminoj)yruvic acid (XX\T-17). 
The latter is then hydrolyzed to j)yruvic acid and ammonia and these two 
products hav'e actually been identified in the reaction mixture. 

An interesting light is thrown on the bios\’nthcsis of thyroxine by the 
ease with which it can be obtained by iodination of various proteins. 
Casein, for instance, can be converted to an iodinated high-molecular 
product which shows distinct thyroidal activity. Under controlled con¬ 
ditions, many proteins can be iodinated to materials from which crystalline 
DL-thyroxine can be elaborated after hydrolysis with barium hydroxide 
solution. Hydrolysis with bulanolic sulfuric acid helps to avoid racemi- 
zation and leads to pure L-thyroxine.” There is no indication that free 
tyrosine is present in proteins, but we must assume that this amino acid 
is linked in the protein molecule by the tjqDicai peptide bond (XX\T-18). 
Since the th 3 'roxine formed in the iodination of proteins is isolated only 
after rather strenuous hydrolj'sis, it too must be part of a polypeptide 
structure. The conclusion is therefore inevitable that not free tyrosine, 
but the tyrosyl group on a protein level is iodinated to a diiodotyrosyl 


® Ileineke, Ann. N. Y. Acad. Sci., 50, 450 (1049). 

® Pummorer, Putfarclien, and SchopHocher, ner., 58, 1S08 (1925). Harington, J. 
Chem. Soc., 193, (1944). 

Johnson and Tewkesbury, Proc. Natl. Acad. Sci., 28, 73 (1942). 
biidwig and Mutzenbecher, Z. physiol. Chem., 258, 195 (1939). Harington and 
Rivers, Nature, 144, 205 (1939). Foster, Palmer, and Leland, J. Biol. Chem., 
115, 467 (1936). 
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Ki-oup on the same level, and that thyroxine Is formed ynihzn the protein 
molen.le hv the oxidative ronpling of two sur-h radieais and the subsequent 
splittin^-off of one side chain (XXN'MO). The reaction proceeds withm t 
the aid of enzvmes, and it may be assumed tf.at this holds for the parallel 
synthesis of thvroxvl from diiodotyrosyl groups m the thyroid gland. 
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None of the proposed median isms of thyroxine formation in vivo ac¬ 
counts for the iodination of tyrosine in a satisfactory manner. The con¬ 
version of iodide ion into organically covalent-bound iodine must involve 
removal of the electron of the ion. The iodide ion thus becomes iodine, 
atomic or molecular, and this is imme<liately used up in the iodination of 
tyrosine. No biochemist will be satisfied with the idea that free iodine 
could exist for even an instance in the thyroid cell, or that it would react 
with water to form h 3 'poiodic acid, IIIO, whicli would act as the iodinating 
agent. Nevertheless, tyrosine is iodinated, and the necessary iodine arises 
by an oxidative step from iodide ion. Whether the oxidation is carried 
out by oxygen itself, or by h 3 ’drogen peroxide, or 1 ) 3 ^ h 3 'drogeii peroxide 
under the influence of peroxidase, is unknown. No other known tissue 

enzyme could be the catalyst for this oxidation because of the high poten¬ 
tial of the reaction. 

If the overproduction of the th 3 ’rc)id hormone is to be counteracted 
by drugs, the synthesis of thyroxine or tloo'oglobulin might be blocked at 
any of the synthetic steps. Tlie oxidation of iodide ion to iodine might 
be prevented by a specific antioxidant, or the iodine might be absorbed 
competitively by a compound which reacts faster than tyrosine. Or else, 
blocking of any enzyme S 3 'stem which may catalyze the oxidative coupling 
of the two diiodotyrosyl groups would prevent formation of the hormone. 
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The alternative biochemical mechanism for the prevention of hyper¬ 
thyroidism would be an interference with the effects of the hormone of the 
gland. This might be achieved by special compounds isosteric with thyro¬ 
xine or in some other way capable of taking its place in the reactions with 
chemicals of the effector organs. With this in mind, the role of iodine for 
thyroid hormone activity has been tested. 

It is less certain today than it had been several years ago whether 
iodine is the only halogen that produces thyroxine activity in analogs of 
the hormone. Several compounds containing chlorine and bromine in 
place of iodine have been tested with negative results. However, 3-fluoro- 
(XXVI-20) and 3,5-difluorotyrosine (XXVI-21) possess some thyroxine¬ 
like as well as thyroxine-antagonist properties.^^ 

F_ F_ 

HO<^ ^CH2CH(NH2)C02H H0<^ ^Cfl2CH(NH2)C02H 

(XXVI-20) (XXVI-21) 

In order to test the possibility of controlling the output of the thyro¬ 
tropic hormone from the anterior pituitary gland, Harington'® prepared the 
the thioether analog of thyroxine (XXVI-22). This compound accelerated 
the metamorphosis of tadpoles at a rate about one fifth of that of thyrox¬ 
ine, and was thus analogous rather than antagonistic to the hormone. 

HO.^ ^CIl2CH(NH2)C02H 

1 ^ I 

(XXVI-22) 

VI. IODIDES IN THYROID THERAPY 

The beneficial action of iodides in some forms of myxedema is under¬ 
standable if the condition is caused by a lack of iodine in the diet. In 
dietary iodine deficiency, the amount of "colloid” of the gland, that is the 
material in which iodine is utilized for the synthesis of the hormone, de¬ 
creases, while the gland becomes enlarged and hypertrophied and works at 
maximum capacity, in order to make up for the lack of the essential ele¬ 
ment. The enlarged gland is called simple or hyperplastic goiter; admin¬ 
istration of iodides may gradually return the gland to normal, unless the 

12 cf. English, Mead, and Nieman, J. Am. Chem. Soc., 62. 350 (1940). 

Harington, Biochem. J., 43, 434 (1948). 



ANTITHYROID DRUGS 


481 


goiter has reached a very advanced stage. In a sense, iodine exerts licre 
an antithyroid eiTect by decreasing the size of the gland mai kedly, Imt of 
course thyroid hormone synthesis is promoted. 

"J'he effect of iodides in toxic goiter has not yet been explained. 'J'here 
is no doubt that, contraiy to all obvious (lieorefical expectation, the con¬ 
dition is benefiled temporarily by administration of iodides. One of the 
most favored explanations of this fact is the decrease in tliyroxine-promot- 
ing pituitary hormone under the influence of iodides. An able discussion 
of these hypotheses has been presented by Astv ood.*'* 

The fate of administered iodides has been clarified by studying the 
rate of conversion of these halide ions to protein-bound iodine. The gland 
has no ability to store large amounts of inorganic iodides under normal 
conditions but uses the ions soon for the iodination process. If, iiowever, 
the normal store of thyroxine of the gland has been decimated by an effec¬ 
tive antithyroid agent (thiouracil), and a dose of sodium iodide is then 
administered, the oigan rajiidly concentrates relatively enormous cpianti- 
ties of inorganic iodide by withholding it from the circulation. 

Ihe remarkable ability of the thyroid gland to concentrate iodides is 
jnhibited by the lliiocyanate ion (SCN-). This ion, a pseudo-halide, is 
widel 3 '- distributed in blood and saliva and jirobabl^' arises from llie de¬ 
toxication of cyanides. It may also be formed from vegetable constituents 
of the diet which contain .sub.stances that can be converfi'd to thiocyanates 
by the animal organism. Among such substances arc the mustard oils, 
RNCS, many nitriles and cyanohydrins. If they are legular dietary 
factors, the thyroid glancl might be con.stantly inhibited in its iodide up¬ 
take, even though an udeciuate supply of the latter ion is present in the 
food. Thus, the long-known phenomenon may find an explanation that 
both goiter and myxedema (iodine deficiency) maybe caused by very small 
amounts of sodium thiocyanate. 

Inorganic thiocyanates cannot be used clinically because of this verv 
drawback: they inhilnt formation of the hormone, to be sure, but also de¬ 
plete the gland of Its iodine store to such an extent that hyperthyroidism 
IS followed by severe hypothyroidism. 

Of organic nitriles, acetonitrile>‘ has received most attention because 

of Its relatively low toxicity. Acetonitrile produces goiters which can be 

picvented by adrninistration of iodides. An explanation of the action of 

acetonitrile may be its adverse effect on oxygen consumption. There is 

then ari increased demand upon the gland to overcome this inhibition and 
hyperplasia results. ’ 

Astwood, Ann. N.V. Acad. Set., 50, 419 ( 1949 ) 

■« Marine, Baumann, Spence, and Cipra, Proc. Soc. Exvtl. Biol. Med., 29. 772 (1932). 
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VII. EXPERIMENTAL EVALUATION OF ANTITHYROID 

ACTIVITY 

The principle of the testing methods in mammals is essentially the 
determination of the relative effectiveness of the materials in inhibiting 
thyroid hormone production. The gland of the common test animal, the 
rat, undergoes enlargement (hyperplasia) and the amount of hyperplasia 
is studied microscopically. Maximal enlargement and proliferation of 
acinar cells, and complete loss of colloid are a measure of greatest activity.^® 
Another test, used less widely, consists of suspending tadpoles in a 
solution of the test substance, and observing the rate of development of 
the animals. The inhibition of the rate of dehydrogenase-catalyzed oxida¬ 
tions in the presence of thyroxine, as produced by the test substance, has 
been proposed as an in vitro method. 

Two other test methods have been described recently. One is based 
on the decreased resistance of mice to lack of oxygen, the other one on the 

acute weight loss in rats receiving thyroxine.*’ 

The degree of hyperplasia produced by a given material is spoken of 
as its goitrogenic activity. Many investigators have chosen thiouracil as 
reference material (antithyroid activity = 1). As with all other diugs, the 
medicinal usefulness of a goitrogenic compound depends on its therapeutic 

index. 


VIII. INHIBITORS OF THYROXINE SYNTHESIS 

Two accidental observations made in the course of charting the chronic 
toxicity of unrelated drugs layed the foundation of modern antithyroid re¬ 
search. The first of these chance discoveries occurred when it was found 
that prolonged feeding of sulfaguanidine (XXVI-23) to rats produced 
marked thyroid hyperplasia.** Similar observations have since been made 
with other sulfonamides and with aromatic sulfones, and the goitrogenic 
properties of the latter have contributed much to discrediting some of 
them as useful chemotherapeutic agents. 
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leMcGiiity and Bywater, ./. Pharmacol. Exptl. Therap., 85, 129 (1945). Astwo 
ibid., 78, 80 (1943). 

” Hutcheon, ibid., 94, 308 (1948). /•I94n 

18 MacKenzie, MacKcnzie, and McCollum, Science, 94. 518 (1J41). 
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The second fact concerned goitrogenic properties of aromatic thio¬ 
ureas. Both phenylthiourea (XXVI-24) and a-naphthyltliiourea (ANT) 
(XX\T-25) show remarkable and selective toxic. elTects in i-otlents; AN'I’ 
has been used widelj^ to exterminate rats because of tlieir j-ole as Jiost.s to 
disease-carrying insects, louring some work concerning the mechani.sm of 
their toxic activity, the ability of those agents to ju-oduce thyroid liyper- 
plasia was encountered.^’’ 

The thioureas contain the group > N—CS—N < as the structural unit 
which could cause their toxic and goitrogenic behavioi*. It had been 
known that a diet of cabbage or other vegetables of the lirassica family 
could produce thyroidal enlargement in rabbits. The natural o(;currence 
of mustard oils (RNC=S) in plants suggested that the active principle of 
Ih-assica seed might be a compound containing the group N—C=vS, per¬ 
haps a derivative of thiourea. Allylthiourea was tested on the basis of 
this prediction, and proved to be strongly goitrogenic.-” 

The goitrogenic antithyroid factor of the yellow turnip (rutabaga) has 
now been lecognized us (-)-5-vinyl-2-thioxazolidone (XX\'I-26). It has 
also been found in cabbage, kale and rape. The compound is etjual in 
activity to G-a-propylthiouracil in man (see below), and acts by preventing 
thyroxine synthesis as shown by experiments with ladioiodine.^' 

O 


CIl2=CIICH C=S 


CHa—NH 
(XXVI-2G) 

Thiourea (II 2 NCSNII 2 ) itself has similar properties.^^ jj-g toxicity was low 
enough to warrant clini<'al experimentation. Thiourea was the first drug 
to be used m human thyrotoxicosis before thiouracil became available. 
The common daily dose of thiourea is 1-3 grams.^^ 

^ Most of the derivatives of thiourea wliich do not contain the group 
=N—CS—N= in a ring are more toxic than thiourea, and only few of the 
many dei’ivatives tested ha\-e been found more active than the parent 
compound. Tctramethylthiourea, [(CH3)2N]2CS, and sym. diethylthio- 
urea, (C 2 H 6 NII) 2 CS, were as much as three times as active as thiourea, but 

<1^41): Arch. Path., 33, 

Kenedy, Nature, 150, 233 (1942). 

" Astwood, Ann. Intern. 

Z AsUvood, Sullivan Bissell, and Tyslovitz, Endocrinology, 32, 210 (1943). 

Astwood, J. Am. Med. Assoc., 122, 78 (1943). ^ ^ 
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increased toxicity cancelled out this advantage. Allylthiourea has been 
tested clinically, and so have a few other alkylated, acylated, and aryl de¬ 
rivatives. None of these compounds have become useful drugs. 

Incorporation of the thiourenyl group into a heterocyclic ring has led 
to some of the most active antithyroid drugs now known. A large variety 
of ring systems can be thought to be derived from thiourea, and com¬ 
pounds in almost every one of these series have been prepared and tested. 


H 2 NCSCH 2 CH 3 

Thiopropionamide 

<0.01 


CH3SCSN(CH3)2 
Methyl-N, N-di- 
methyl dithio- 
carbamate 
<0.01 


(CH3)2NCSN(CH3)2 

Tetramethylthiourea 



/NII\ 

CH CS 

CPI-NH 

2-Mcrcapto- 

imidazole 

1.5 


CH CNH 2 

II I 

CPI— s 

2-AminothiazoIe 

0.1 


/NH\ 

CH 2 CS 

CH 2 -S 

2-Mercaptothiazoline 

1.3 


/NHx 

CH 2 CS 

CII 2 -o 

2-Mercapto- 

oxazoline 

0.2 


/NPI\ 

N CS 

H 2 NC-S 

2-jVIercapto-5- 
amino-1,3,4- 
thiadiazole 
1.6 


/NH\ 

N CS 

II I 

CH--NH 

2-Mercapto- 

triazole 

0.3 


Figure 


NH 

^CS 

H2C^ ^S 

CPI 2 

2-Mercapto-5,6- 

dihydrothiazine 

0.1 


NH 

oc^ ^cs 
I I 

(C2H6)2C /NH 

CO 

5,5-DiethyI- 
2 -thiobarbituric 
Acid 1.7 


1. Antithyroid Activity of Certain Thioamides (Thiouracil 



In Figure 1 are tabulated compounds representative of some cyclic 
thioureides as well as analogous ring systems in which urea nitrogen atoms 
have been replaced by oxygen or sulfur. Some open-chain analogs ot thio¬ 
ureas have been included for further comparison. The antithyroid activ- 
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ity is listed below the names of the compounds, 2-thiouracil with activity = 
1 serving as a standard. 


TABLE I. Antithyroid Activity of Derivatives of 2-Thiouracil*^ 

NH 

HC« 2 CS 

II I 

HC® jNH (Activity = 1) 

CO 


Position 

of R 

ActiWty 

6 

CHs 

1 

6 

C 2 H 5 

10 

6 

n-Pr 

11 

6 

iso-Pr 

9 

6 

(CH3)2CnCH2 

5 

6 

n-C^Ha 

6 

6 

(CHal^C 

9 

6 

n-CsHi, 

1.3 

6 

cyclo-CoIIti 

1.2 

6 

Cells 

1.0 

6 

C«HsCIl2 

10.0 

6 

C6ll5Cn2CH2 

1.2 

5, 6 

(Clla), 

1.2 

5, 6 

(CIl3).(C2H6) 

3.5 

5, 6 

(C2 Hs),(ch3 ) 

0.9 

5. 6 

(C2 Hs)2 

2.0 

6 

CeHuCII* 

10.0 

2, 5 

(CH3).(C1) 

1.3 

2,5 

(CH,),(Br) 

1 

5 

I 

1 

2-Thiouracil (XXVI-27) and several of its alkyl substituted deriva¬ 
tives have been studied extensively as antithyroid agents. 2-Thiouracil 



S H 
HN 3 

V/" 



(XXVI-27) 


has been used successfully in patients showing hyperplasia and increased 
hormonal activity of the gland. Three alkylthiouracils, namely, 6-n- 

“ - “"4 Pharmacol.. 1, 65 
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propyl-, 6-benzyl-, and 6-cyclohexylmethyl-2-thiouracil are more than ten 
times as active as the unsubstituted compound, and the margin of safety 
is increased three-fold in 6-n-propylthiouracil. The last two compounds 
are now the drugs of choice in this series of derivatives. 

Aside from preparing patients for thyroidectomies, and reducing post¬ 
operative incidents by reducing the metabolic rate of the individuals, the 
thiouracils have also been able to replace thyroidectomy in cases in which 
operation is definitely contraindicated. In pregnancy the drugs may not 
be used because they pass into the fetus and inhibit the thyroid function of 
the latter. 

All thiouracils cause agranulocytosis as a distinctively undesirable side 
effect. The loss of phagocytic power due to decrease of white blood cells 
must often be counteracted by penicillin until the white blood cell count 
has returned to normal. 

Table I lists some of these compounds and their activities. The field 
has been reviewed by Roblin and by Trotter 

The thiouracil derivatives (XX\T-29) are synthesized from thiourea 
and /3-keto esters (XXVI-28) with the aid of sodium ethoxide solutions: 


COOC2H5 
CH + 

RC—OH 

(XXVI-28) 


H,N 


(5S 


H,N 


CO 

, X 

CH NH 

II I 

CR CS 

. / 

NH 

(XXVI-29) 


In turn, the keto esters (XXVI-28) are synthesized best by the ethyl tert- 
butyl malonate method according to the following scheme.^^ The acid 

C00C(CH3)2 


C00C(CH3)3 


RCOCl + CIIMgOCsII 


RCOCH 


COOC2H6 


(XXVI-30) 


+ ClMg(OC2H5) 

COOC 2 H 5 

(XXVI-31) 

RCOCH 2 COOC 2 H 6 (XXVI-28) 
+ CH2=C(CH3)2 + CO 2 


chloride (XXVI-30) reacts with the magnesium ethylate derivative of 
ethyl tcri-butyl malonate,and the intermediate acyl substituted malonate 

=5 Anderson, Ilalverstadt, Miller, and Roblin, ./- Am. Chem. (1045). 

26 Breslow, Baumgarten, and Hauser, J. Am. Chem. Soc., 66, 1286 (1944). 
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(XXVI-31) is hydrolyzed and decarboxylated to the keto ester (XXVI-28) 
and isobutene. The availability of ethyl (rr/-butyl malonate is a fac^tor 
limiting the size of the batches in this operation. 


IX. MECHANISM OF ACTION OF THIOURACIL” 


Thiouracil, and other thiourea-like substances ai'e oxidized by iodine 
at neutral pll to disulfides (XXVI-32), at a rate too rapid to be measured 
accurately in vitro. It is likely that this rate is sev'eral hundred times the 



■N 


•N: 


-h I 2 + 2Na+ 


S—S—+ 2NaI 
N N 

^ X/ 

(XXVT32) 

late of the reaction of iodine anti tyrosine. It may be assumed that the 
many tliiourea-like substances which affect the thyroid gland compete 
with tyrosine for the iodine needed in the formation of diiodotyrosine, and 
thereby interfere with the synthesis of thju’oxine. 

Objections to this interpretation rest on the ability of many other 
thiols, such as thioglycollic acid, cysteine and glutathione, to react with 
iodine as rapidly as thiouracil or thiourea. Yet, these thiols do not inter¬ 
fere with iodine function. The cause of this inactivity may be due to dif¬ 
ferences in absorption and distribution; the inactive thiols may not reach 
the site of reaction in the thyroid cell, or else not reach it in the reduced 
thiol form. It would also be necessary for an active goitrogenic thiol to 
possess a high redox potential in order to survive other common biological 

oxidations and to influence effectively the high potential of the iodide-to- 
iodine oxidation. 


Peroxidases would be the most likely enzymes to catalyze the oxitla- 

tion of iodide ions to iodine. Thiols should therefore appear as specific 

inhibitors of such enzyme systems, or compete for the enzyme and be 

oxidized instead of iodide. An alternative function of the thiols in this 

reaction may involve competition for the available hydrogen peroxide so 

that none is available for the oxidation of iodide. Thiourea actually does 

inhibit peroxidase, in contrast to most sulfonamides which do not have 
this ability (see below) 

A model experiment both for the mechanism of the normal synthesis 
of thyroxine in the gland, and the inhibition of this synthesis by thiourea 
has been performed Iry Keston - After adding radio-iodide and xantlrine 
to milk, tliyroxme containing radioactive iodine could be isolated from the 

Astwood, J, Am. Chem. Soc., 67, 2201 (1945). 
l)e Kobertis and Grasso, Endocrinology, 38, 137 (1946) 

“ Keaton, J. Biol. Chem., 153, 335 (1944). 
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incubated liquid. It would appear that the xanthine-oxidase (a peroxidase) 
of the milk acted upon the added substrate, xanthine, and liberated hydro¬ 
gen peroxide. The latter then oxidized iodide to the iodine needed for the 
iodination of the tyrosyl groups of casein. This reaction does not take 
place if thiourea is added before incubation. 

None of these mechanisms could be applied to derivatives of aniline 
carrying acidic groups -para to the nuclear amino group. Such compounds 
(p-aminobenzoic acid, many sulfanilamide derivatives, and derivatives of 
bis-(4-aminophenyl)sulfone) are difficult to iodinate, and could barely com¬ 
pete with enzyme systems for iodine. Some of these compounds inhibit 
dehydrogenases and peroxida.ses, but this is not a general phenomenon. 
Yet, most of them possess goitrogenic properties, and their activity ha.s 
not yet been explained hy a discrete biochemical mechanism. 

In the group of sulfonamides, sulfathiazole, sulfapyridine and sulfadi¬ 
azine are the most active hyperplastic agents, but none of them approach 
thiouracil and its congeners in activity. It is interesting to note that the 
activity of Promizole (XXVl-33), the most highly goitrogenic aromatic 
sulfone known, is only 18% that of thiouracil but its reduction product, 
the sulfide (XX\T-34), has an activity of 53%. One could theorize that 
goitrogenic activity is connected with bivalent oxidizable sulfur. This 
could not hold, of course for active aromatic amines, 4,4^-diaminodiphenyl- 


II,N 




SO 


•N 


M M 

2\S/ 


Nil 


(XXVI-33) 


IN 



(XXVI-34) 


methane (XXVI-3.5), and 4,4'-diaminobenzil (XXVI-36) which contain no 
sulfur atom.^^ 

(XXVT36) 


(XXVI-35) 
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Drugs for the Treatment of Cancer 

I. TERMINOLOGY 

The study of tumors in all their relations is the purj)ose of oncology. 
The term tumor or neoplasm stands for any circumscribed growth, arising 
from pre-existing tissues, but independent of the normal rate or laws of 
growth of the latter. Tumors do not liave any physiological function; the 
alien cell does not have the vital activity of the communal cell from which 
it arises. 

One generally distinguislies two types of tumors, benign and malig¬ 
nant. Benign tumors do not form meta.stases and are not transplantable. 
A metastasis is the appearance of tumors in parts of tlie body remote from 
the location of primary tumors. It is caused by a transport of tumorous 
tissue particles through lymph and blood vessels and is, in principle the 
same as a transplantation. 

Depending on the anatomical location of tumor tissue, many alternate 
shorter terms are used to describe neoplasms. An adenoid tumor is called 
adenoma, an adipose tumor lipoma, an osseous tumor osteoma, a vascular 
tumor angioma, and so forth. More common are the distinctions between 
carcinoma and sarcoma. A carcinoma is a malignant cancer {xinpKivos, 
crab; (lat.) cancer) involving epithelial and endothelial tissue such as skin, 
glands, various ducts and tubes, the lining of the respiratory and digestive 
tracts, heart chambers, lymph and blood vessels. A sarcoma is a malig¬ 
nant tumor involving connective tissues, esp., bones, ligaments and tendons. 

The terms sarcoma and carcinoma are often combined under the heading 
of cancer. 


II. ANTIMITOTIC AGENTS 

Drugs which retard cell division, and damage tumor tissue are of in¬ 
terest in a potential control of cancer. They act by causing tumors to 
shrink, bleed or regress, 6v by decreasing the excessive number of white 
blood cells in leukemia which is classified as a cancer of the blood. 

In order to develop fruitful ideas about the treatment of a disease, its 
cause must be understood. The causes of cancer are still unknown. Aris¬ 
ing from normally growing cells which obey the laws of anatomical locali- 
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zation, new uncontrolled tumor cells begin to grow and spread in a hap- 
hazai*d irregular manner. The neoplasm formed by these cells behaves 
like a foreign material which cannot be integrated with normal tissues. 
Xeoplastic cells metabolize carbohydrates in a manner differing from nor¬ 
mal cells: they glycolyze under aerobic conditions while the normal cell 
glycolyzes only anaerobically.' In this respect, tumor cells resemble fast¬ 
growing embryonic cells, and it has been suggested that the cause of 
naturally occurring tumors in man and mammals, may be a regression in 
enzymatic complexity of the normal cells. Potter has found that oxalacctic 
oxidase is no longer available in the Krebs cycle of the cancer cell. On 
the otlier hand, iiuclcoproteins, ever-present in rapidly dividing cells, rise 
sharply in neojdastic tissues. One might conclude from these findings 
that interfering with enzymatic reactions in cancer would be a step in the 
wrong direction. Instead, cancer therapy .should aim at building up en¬ 
zyme .systems. 


III. CARCINOGENESIS 

Malignant le.sions can lx* produced experimentally in a number of 
ways. Wheth(‘i' any of them have a bearing on spontaneous (natural) 
carcinogenesis is nf)t known. 


1. Physical Agents 

.\ny type of chronic irritation, such as heat and ultraviolet irradiation, 
can ultirnatf'ly altei' normal (issue functions, and kill ti.s.sues. Rpentgon 
and 7 -rays ha\’e hecai imp!icate<l rlcfinitely in this connection. 

()ne of (lie ctff'f^ts of I'afliation appears to be a poisoning of sulfhythyl 
enzyme .systems by oxidation which is similar to such oxidations by vc.si- 
cants.^ 


2. Chemical Agents 

'I'he most spectacular results in producing tumors have been obtained 
in the work with polycyclic hydrf)carbons and related heterocyclic con- 
den.^e<l ring compounds. We owe these .studies largely to Cook, Kennaway 
and to Fieser who have synthesized and te.sted hundreds of cancelogenic 
compounds and have been able to derive certain conclusions about rela¬ 
tions of structure anrl tumor-producing ability, and about the metabolic 
fate and the detoxication of the irritant compounds in the animal body. 

'I'he canfcr-ynoducing properties of these compounds have been fkdc' 
mined mostly in mice and rats. If administered orally with the animal s 

' Green.stein, Biochemiftfry of Cnncer, ,\ca(lf.'mic Press, New York, 19(7. Mi(Jf 

Am. J. Med., 8, 71 (10.50). 

* Barron, Dickman, and Singer, Federation Proc., 6, 2.36 (194 ). 



DRUGS FOR TREATMENT OF CANCER 


491 


food, the active compounds cause carcinoma in the rat’s stomach but not 
in the glands. If injected, sarcoma—cancer of the bones and connective 
tissues—^results. 

rhe number of potent tumor-producing synthetic liydrocai'bons is too 
great to be listed hei'c, and the subject of carcinogenesis transcends the 
scope of this volume. In lable I are listed <jnl 3 ’^ a few of these substances, 
and the time required to produce tumors. 

Feeble but definite carcinogenic activity is exhibited by a few isologs 
of polycyclic hydrocarbons. Thus, 1,2,6,7-dibenzacridine (XXVII-1) 
and 1,2,8,9-dibcnzacridine (XXVn-2) produce tumors after 13 months. 



(XXVIM) (XXVII-2) 

vSarcomata have also been obtaincfl after injection of 2-(p-aminostyryl)-6- 
(p-acetamidobenzamido) methylquinolinium acetate (XXVII-3).^ 



(XXVII-3) 


Two other carcinogenic compounds must be mentioned here. 4-Di- 
methylaminoazobenzcne (Butter Yellow, XXVn-4) is a powerful inhibitor 
of many enzyme systems and produces experimental tumors in laboratory 
animals. However, it would be faulty to assume that other enzyme in¬ 
hibitors should also be carcinogenic. The second substance, 2-acetamido- 
fluorene (XXVII-5) is distingui.shcd by producing tumors in tissues distant 
from the site of injection. 
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TABLE I. Some Carcinogenic Hydrocarbons* 


Name 


Structure 


Approximate time 
needed for carcino¬ 
genesis, months 


Methylcholanthreno (11= CII 3 ) 
Cholarithrene (R= II) 



2.2 - 5 


Benzpyrene 




5.7 






3,4-Benzphenanthrenc 



1,2,5, 6 -Dibcnzanthracene 


5,6-Dimethyl-l, 2-benzanthra¬ 


cene 





4-8 


8 + 


CH, 
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TABLE I {Continued) 


Approximate time 

Name Structure needed for carcino¬ 

genesis, months 


5,6-Cyclopenteno-l,2-benzan- 8 + 

thracene 1 ll 



Clio 


Clio —Clio 


Another fluorene derivative, 9-(4''dimethylaminobenzal)fluorene (see 
XXVII-G), inhibits the j^rowth of normal and of malignant tissue. The 
suggestion has been made that the association of growth inhibition and 
carcinogenic activity indicates tliat tumors may arise by adaptation of 
the normal cell to growth-inhibitory influences. 

Overlapping of carcinogenic and carcinostatic properties have also been 
noted in the cases of 4-dimethylaminostilbenc (XX\’lI-7) and 4-dimeth3'l- 
amino-2'-meth3dstilbene (XXVIl-S).® Several other stilbene derivatives 



(CH3)2N<^^\cI1= 






(CH3)2N 




C4r=cii 






R 


(XXVII-6) 


(XXVII-7), R = H 
(XXATT-8), R = CHa 


having amino groups in ni- an<l o-positions weic inactive; it could b(; 
shown that all active compounds had the trans configuration in which the 
two benzene rings lie in one plane, and whose molecules are flat. Sub¬ 
stituents which “buckle” the molecule reduced biological activit 3 ^ In 
this respect the stilbene derivatives resemble the active carcinogenic hj*- 
drocarbons whose molecules also appear to have one common physical 
feature, namely, the so-called K region, a molecular section of high elec¬ 
tron density, (the phenanthrene double bond of all active hydrocarbons). 

* For details, see Fieser, The Chemistry of Natural Products Related to Phenanthrene. 

2nd ed. pp. 88~9.3. Reinhokl, New York, 1037. 

* Haddow, Harris, Kon, and Roc, Trans. Roy. Soc. {London), A241. 147 fl94S). 
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For details of this hypothesis, the review by Boyland should be con¬ 
sulted.® 

The isosteric similarity of 4-dimethylaminoazobenzene (XXVII-4) 
and 4-dimethylaminostilbene (XXVII-7) should be noted in connection 
with their similar activity. 

All chemical carcinogens are protoplasmic poisons which produce de¬ 
generative processes followed by increased cell growth activity. Papil¬ 
lomata appear slowly and cancer cells arise from these structures. If a 
solution of the carcinogen has been painted on the animal's ear, the time 
required for appearance of tumor cells can be shortened by punching the 
car. Increased cellular activity is induced by the healing of the wound 
and tumors appear sooner. For dibenzanthracene, the incubation period 
is shortened from 10 weeks to 17 to 20 days. 

The mechanism by which the structurally divci-gent carcinogens pro¬ 
duce tumors is not known. The so-called cytogene theory holds that 
carcinogenic compounds influence the cytogene, a component of the cyto¬ 
plasm of genes which collects in cell divi.sion. It then combines with 
ribonucleic acid and produces a plasmogeno which can be regarded as an 
inheritable and self-perpetuating catalyst in the formation of enzymes 
characteri.stic of the particular cell. 


3. Viroid Agents 

A few cases of infectious transmissions of cancerous growth have be¬ 
come known. They arc the Pous fowl sarcoma, the Brown-Pierce rabbit 
tumor, the rabbit myxoma and the vShofc papilloma. Recent reports that 
fungi have been found in a large number of cancers of all types need fur¬ 
ther confirmation. 

There is at present no cause to assume that cancers are infectious. It 
is therefore questif)nablc whether the term chemotherapy should be applied 
to the treatment of tumors with drugs. One can barely speak of chemo¬ 
therapy in this ca.se if the cla.ssical definition of Ehrlich’s is regarded as 
final. Yet, many authors have used the term “chemotherapy of cancer”, 
and the uncertainties concerning the origin of malignant neoplasms make 
a theoretical classification of antitumor drugs purely speculative. It may 
be argued that an enlarged thyroid gland also consists of new cells which 
can be made to regre.ss by functional (antithyroidal) drugs. However, 
neoplastic cells are so different fi’om tho.so of an enlarged organ that lemis- 
sion of their growth and multiplication obeys entirely different laws. The 
terms tumor-necrotizing and antimitotic agents will be preferred for the 
purposes of this chapter. 

Boyland, Ann. Rev. Biockem., 18, 217 (1049). 
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4. Testing Methods 

Additional differences of oj)inion in tliis field are introduced l>y the 
lack of unanimity among biologists as to the best test mettujd for tumor- 
necrotizing drugs. Some investigators have used chick heart fibroblasts 
as test objects, but transplanted tumors in mice have remained the stand- 
aid test objects. The activitj'" of a compound is determined by micro¬ 
scopic examination of sections of artificial tumors in treatetl, and in control 
animals. Further trials are justified only with compounds which show 
microscopic evidence of potency in damaging tumor cells at do.se levels 
which induce neither severe nor permanent iiijur 3 ^ to the host. 

A typical screening procedure for antimitotic drugs^ consists of sus¬ 
pending a mash of a recent, rapidly growing tumor graft in saline solution, 
and inocculating it into a leg of the animal b^’- means of a S 3 'ringe. Another 

sample of the mash is placed in a brotli tube at the same'time to establi.sli 
sterility of the procedure. 

Compounds to be tested are then injected into a different muscle at a 
dose just below the pre-determined LI ho for the initial test, ami then at 
lower doses to determine the Animals are killed 8, 20 and 48 

hours after injection of the drug, and discoloration, necrosis or hemorrhage 
of the tumor are determined microscopicall 3 ^ 

IV. THERAPY OF CANCER 
1. Early Methods 

External tumors were necrotized by the ancient Egyptians with mix¬ 
tures containing arsenious oxide and in later centuries, zinc chloride as 
corroding agents. Some semblance of this procedure is still employed in 
some hospitals which have instituted an ‘‘escharotic” treatment of super¬ 
ficial tumors by topical application of necrotizing chemicals. 

2, Toxins and Sera 

In 1892, a patient suffering from inoperable sarcoma showed regres¬ 
sion of the cancer after an attack of erysipelas. It was concluded that a 
bactenal toxin had “cured” the neoplasm. More recently, the possibility 
ot using standardized bacterial toxins for the treatment of tumors was 
carefully re-investigated, and a 29% five-year survival among 312 cases of 
all types of inoperable cancer was obser\'ed.* 

Uoskm found ihut Schizolnjpamtm cruzi concentrated in the neoplasms 
ot tumor animals infected with the parasite, and that the tumors softened 
and gave way slowly to healthy tissue. A vaccine prepared from heat- 

’ IJ^^i-twell, Shear, Johnson, and Kornberg, Cancer Res.] 6, 489 (1946) 
cf. Hasegawa and Pfeiffer, The Modem Hospital, May, 1948. 
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killed trypanosomes (K-R vaccine, named after the discoverers, Klyueva 
and Roskin) was reported to have cured malignant growths in man. Other 
bacterial toxins, namely, dipiitheria and tetanus toxins were said to cause 
regression of mouse tumors.* These findings need confirmation. 

Other vSoviet investigators around Skapier studied the role of the 
reticulo-endothelial defense system in the treatment of cancer. Working 
with anti-reticular cytotoxic serum (A.C.jS.) they obtained favorable 
changes in Hodgkin’s disease. This work also needs additional experi¬ 
mentation. This holds also for the studies of Amersbach who demon¬ 
strated complete disappearance of malignant lesions under the influence of 
extracts from normal spleen and liver.* 

Certain tumors have been found to contain a spreading factor, per¬ 
haps the enz 3 ’’me h^’^alui'onidase to which their invasiveness of surrounding 
tissues has been attributed. Two anti-hyaluronidases, called antinvasins, 
have been discovered in plasma and have been studied for possible carcino- 
static properties (see Chapter XXIX, Section II-2-f (2)). 

3. Sex Hormones 

Both natural and synthetic sex liormones have the ability of inhibit¬ 
ing cell prolifeiation and have therefore been used in the treatment of 
human cancer. Regression of tumors of the sex and mammary glands, 
and of uterine malignancies has been attained in many cases. Treatment 
of certain tumors of this type with opposing sex hormones has become a 
routine clinical practice. Estradiol (XXVII-9) and stilbesterol (XXVII- 
10) both arrest the growth of prostatic cancers and their metastases in the 
male and relieve the pain caused by the pressure of these tumors on their 
surroundings. In males, estrogens also improve cancers of the bladder, 
and they are of benefit in mammary cancers in aged women. In younger 
women, they stimulate malignant growths. This overlapping of stimula¬ 
tory and retarding properties can also be seen in animal experiments. 
Experimental mammary tumors have been produced by administration of 
pure estrogens to male mice, and, vice-versa, castration of female mice 
bred from a strain with a high incidence of cancer reduced drastically the 
cancer rate.® Curiously, rats are more resistant to the carcinogenic action 
of estrogens than mice, and other animals are completely resistant. 

Mammary glands are not the only tissues affected by such experi¬ 
ments. Various tumors of male and female sex organs have been produced 
by the action of estrogenic hormones, and leukemia and lymphoid tumors 
have been observed following administration of estrogens to mice. 

® Loeb, J. Am. Med. Assoc., 104, 1597 (1935). 
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Certain mammary cancers regress under the influence of androgenic 
hormones, especially testosterone (XX\7I-11). This hormone is usually 
administered intramuscularly in form of its propionate which is slowly ab¬ 
sorbed from fhe site of injection, and tlien hydrolyzed. JT-a-Metliyl- 
testosterone (XXVII-12) shows equall 3 '' good results in e\'cn smaller doses. 
The side-effects of the treatment—deepening of the voice, growUi of hair 
on the face and bodj', etc.—are negligible in comparison with the r(‘Iief 
from pain obtained. 
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(XXVII-9) 
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(XXVH-11) 


(XXVII-12) 


4. Dyes 

Several dj'^estuffs which exhibit antiseptic and chemotherapeutic 


that is, cell-growth inhibitory—properties retard the growth of malignant 
tumors. This is particularly pronounced in the oxazine dyes Nile blue A, 


(C2H6)2N 





h+ 

NCIHCsHs 


(XXVII-13) 
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and Nile blue B (5-benzylamino-9-diethylaminobenzo[a]phenoxazme; Col¬ 
our Index No. 914)^® (XXVII-13) which show the greatest staining and 
necrotizing activity for tumor tissue.^^ 


5. Alkaloids and Alkaloidal Drugs 

a. Colchicine 

The alkaloid colchicine (XXVII-14), usually obtained by extraction 
of the seeds and bulbo-tubers of the autumn croccus, Colchiciim autumnale, 
is a highly toxic substance which causes vomiting and nausea and paralysis 
of the central nerv^ous system. Its salicylate has been used empirically in 
the treatment of gout, but the most interesting biological property of col¬ 
chicine is its ability to inhibit cell division. 

In a normally dividing cell, the number of chromosomes doubles; the 
chromosomes move toward opposite ends of the cell but remain connected 
by a bridge-like strand, the spindle. This structure then contracts and 
breaks and permits division of the cell into two daughter cells, each having 
the same number of chromosomes as the parent cell before the start of the 
dividing process. Colchicine acts by destroying the connecting spindle and 
thus preventing the formation of two daughter cells. The remaining cell 
now po.sscsscs the double number of chromo.somes but is unable to divide 
(diploidism). This doubling of chromosomes can be repeated several 
times (polyploidism) without resulting in cell division, as long as the cell 
remains exposed to the antimitotic alkaloid. Finally, the undivided parent 
coll may become so filled with chromosome matter that it dies. 

A similar alteration of chromosome characteristics underlies the anti¬ 
mitotic effect of colchicine on tumor cells. Unfortunately, the drug is not 
sufficiently specific for tumor tissue, (k)lchicine destroys also essential 
dividing cells in the crypts of the small intestine, lymphoid tissue and bone 
marrow, anrl in the mouse is more effective against normally growing cells 
than against implanted sarcoma 37 in the.se areas. 

Colchicine causes a temporary fall in the number of leucocytes in 
leukemia but this is followed by a great rise of the white blood count.*’ 
It appears that mitosis is arrested half way, and that the partially divided 
cells simulate an increased number of leucocytes.*'* 


Soc. Dyers and Colourist.s, CVjlour Index, Groat Britain, H)2t. 

■■ Lewis, Goland. .m<l Sloviter, Anal. Itec., 96. 201 fBUfi). Sloviter, ficience, IIO, 687 

(1940). 

•*Clearkin. ./. Path, fiact., 44, 460 (1037). 

'3 Pernice, Sicilia Med., 1, 265 (1880). Dixon and M;ildcn, J. Physiol., 37. 50 (IJU»). 
Eigsti, Dustin, and Gay-Winn, Science, 110, 602 (1940). 

]At3, Compt. rend. soc. biol., 115, 1421 (10.34). Ludford, Arch. exp. Zellforsch., i», 

411 (1936). 
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The formula of colchicine would furnish the logical point of departure 
for modifications of the structure of the alkaloid, designed to heighten 
antimitotic activity to useful non-toxic levels. Unfortunately, the exact 
structure of colcliicine is not yet known.Most workers now accept the 
formula proposed by Dewar (XXVII-14) which shows colchicine as a de- 


CH,0 




NHCOCHj 


CH,0 




O 



OCH, 


(XXVIl-14) 


0 






V\ /I' 



OCH, 


CH, NHCOCH, 


(XXVIM7) 


rivative of a mcthoxylated tricyclic condensed ring system containing two 
seven-membered rings, a keto and an a-enol etlier group, with the nitrogen 
as part of an acetamide group.*® The a-enolic ketone which can be ob¬ 
tained by demethylation is called colchiceine (XXVII-lfi). These formulas 
have superseded an older, now abandoned formulation of Windaus which 
pictured colchicine as a phenanthrene derivative (XXVII-16). This erro¬ 
neous formula is reprodiu-ed here because it had an inadvertently important 
bearing on the further developments of antimitotic drugs. 

b. Modifications of thk Colchicine Structure 

Simple alkyl ethers of colchiceine are less active than colchicine when 
tested for antimitotic action in chick fibroblasts.*^ Therefore, modifica¬ 
tions were based on a functional version of the (wrong) Windaus formula 

Henry, The Plant Alkaloids, 4th cd. Blakiston, Philadelphia, 1949, pp. 650- 
658, 

“Dewar, Nature, 155, 141 (1945). 

"Lettrd and Albrecht, Physiol. Chem., 271, 200 (1941). Lettr6 and Fernholz 
iota., 278, 175 (1943). Lettr^, Nciturwissenschafieny 30, 34 (1942). 
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of colchicine. This was conceived essentially as a trimethoxyphenethy] 
derivative carrying alpha to the amino (or amide) group a ring structure 
which, for the sake of convenience may be pictured loosely as an aromatic 
nucleus (XXVII-17). 

Ihe significance of the trimethoxyphenethylamine portion of this 
prototype was tested first. It is represented in the alkaloid mescaline 

but this compound was inactive. However, its a-phenyl de¬ 
rivative (XXVII-19) did inhibit mitosis. This finding seemed to bear out 
the prediction, and several similar compounds were studied. 
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CHCHjNHCOCH, 


(XXVIl-23) 


Apparently, a primary amino group was needed for activity since 
a-phenyl-/3-(p“methoxyphenyl)cthylamine (XXVII-20) inhibited mitosis 
considerably while X-methyl-N-bcnzyl-p-anisylamine (XXVII-21) and N- 
( 7 -phenylpropyl)-p-anisylamine (XXVII-22) were inactive. 

In a closer approximation to the formula of colchicine N-acetyb/S-p- 
anisyl-7-(3,4,5-trimethoxyphenyl)propylamine (XXVII-23) was tested 
and found to exert an abnoi’mal influence on the mitosis of rat liver cells.'® 
Dodds and his coworkers'® contributed to this group similar amines on 
the basis of a different approach. Remembering that the synthetic estro¬ 
gen stilbesterol (XXVII-10) was developed by a spatial consideration of 
the formula of the natural sex hormone, estrone, an attempt was made to 
find a substitute for morphine (XXVII-24) by an analogous route. A 
number of derivatives of a-phenylphenethylamine (XXVII-25) were 

Cook and Engel, J. Chem. Soc., 198 (1940). 

** Dodds, Lawson, and Williams, Nature, 154, 514 (1944). 
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TABLE II. Tumor Necrotizing Derivatives of l,2-DiPHENYL-2-AMiNOETnANOL 
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screened for analgetic action and two of them, the amine (XXVII-25) and 
1,2-diphenyl-2-aminoethanol (XXVII-26) were studied more closely. 
These compounds relieved pain associated with nerve pressure, particularly 
with pressure caused by tumors, but were inelTective in other types of pain. 



(XX^■II-24) (XXVII-25) (XXVII-26) 


The amine (XXVII-25) caused mental confusion while the amino alcohol 
(XXVII-2G) had no undesirable sidc-efTccts. Later, it was found that 
only its “erytliro” form (XXVII-27) is active whereas the “threo” dia- 
stercoisorner (XX^TI-28) did not produce analgesia in cancer patients. 


c,u,—c 






Nlla 

C-CeHfi 


OH NIL 
(XXVH-27) 


on II 

(XXVII-28) 


Hartwell'* expanded this series of amino alcohols and similar amino 
ketones and c)bserved that some of them possessed antimitotic properties. 
Table II lists several of the.se compounds. The best tumor necrotizing 
agents in this series were compounds containing tertiary amino groups. 


CILO 



cocn2N^ 

% 


•X- 


(XXVH-29) 

A modification of the 1 ,2-diphenylaminoethanol structure is repre- 
sentcfl in (quaternary mf'thoxy-substituted phcnacyl salts of heterocyclic 
ba.ses such as p-methoxyphenacylpyridinium halide fXX\ 11-29) which 
necrotizes tumors.^- 

McPhee and lOrickaon, ./. Am. Chern. Sor., 68, 024 (1040). 

2* Hartwell and Kornberg, ./. Am. Chem. Soc., 67, 1000 (1045). C ompare also Ap¬ 
proaches to Tumor C hemotherapy,” F. H- Moulton, Kd., Am. Assoc. Adv. Hei., 
Washington, 1). C., 1047. 

« Hartwell and Kornberg. •/. -Im. Chem. Soc., 68, 80H, 11.31 (1040h Shear el nl., 
in “Approaches to Tumor Chemotherapy,” t- K- Moulton, t.d., Am. ssoc. 
Adv. Sci., Washington, D. C., 1947, pp. 2.36 ff- 
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C. PODOPIIYLLIN 

Podophyllin is the resinous extract of Podophyllum. Its chemistry, 
and the relation of its constituents, podophyllotoxin and picropodophyllin 
have not been established beyond doubt. Tentative formulas are pictured 
in Chapter XVII (XVH-26 and 27). 

Podophyllotoxin has recently been shown to be a potent tumor necro¬ 
tizing agent, as are the a- and /3-peltatins which are i.somers of podophyllo¬ 
toxin and can be separated from the toxin by chromatographic adsorption. 
Their active dose lies around 3 mg./kg. On the other hand, picropodo¬ 
phyllin is inactive.-* 

Although the proliferation not only of tumor tissue but also of normal 
tissue is inhibited by podophyllotoxin, the diaig has been applied success¬ 
fully as a topical necrotizing agent to condylomata acuminata (warty 
growths on the external sex organs or the anum). 

These lesions can be cured readily by applications of solutions of the 
drug in mineral oil. 

d. Kadiation and Kadio.active Compounds 

C'ancer can be botli caused by, and treated with physical radiation 
and substances emitting radiant energy. Not only X-rays and radioactive 
rays, but even ultraviolet rays are capable of setting up chronic irritation 
which may ultimately result in leukemias. 

X-rays have been used long and successfully for the treatment of 
carcinomata and sarcomata, and impi-ovements and remi.ssions have often 
been noticed. With the availability of radioactive isotopes from cyclotrons 
and atomic piles, the formerly expensive radium treatment has become 
widely applicable. Radiopiiosphorus administered in the form of 

sodium monohydrogen radiophosphate, produces remi.ssions in certain 
forms of leukemia, Ij^mphosarcoma, Hodgkin's disease, multiple m 3 ^eloma, 
and m another form of blood cancer, polycythemia vera. Radioiodine is 
concentrated in thyroid tissue and can be used in the treatment of thyroidal 
cancers. It is admini.stered orally as .sodium radioiodide containing I>3o 

(half-life, 12.6 hours) and I*"'* (half-life, 8.0 days). Both isotopes emit 
0- and 7 -rays. 

Spilth, Wessely, and Nadlcr, Her., 66, 125 (1033). Borsche and Nieman, Ber., 65, 
1633 (1032). Hartwell and Schreckcr, Abstracts, 117th Meeting A.C.S.,'phiIadel- 

phui, Apr. 10 , 1950, p. 3K. Drake and Price, 7. Am. C/tem. Soc., 73, 201 ( 1951 ) 

Hartwell, /. Am. Chem. Soc., 69, 2918 (1947). Hartwell and Shear, Cancer Res 
/. 716 (1947). ’ 
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Insoluble radiosalts are now often implanted as “seeds” in or near the 
malignant lesion, and exert an antimitotic effect during their life-time. 
Radiostrontium, Zn®3, radiomanganese, Au^®®, Ag^^, radiocobalt, Na^^, 
and Br®2 are incorporated in such salts. Further uses of these new thera¬ 
peutic tools have been mentioned in Chapter XXV. 

The use of radioactive isotopes in tumor therapy calls for certain ex¬ 
acting requirements. The isotope must be non-toxic in the necessary doses, 
and must be free from toxic impurities or daughter elements. It must not 
localize strongly in areas other than those treated, and its half life must be 
short enough so that radiation will not persist beyond the desired period. 
The maximum desirable half life may be taken as ten to fifteen days, and 
the workable minimum, as twelve hours. 


e. Nitrogen Mustards 


An indication that certain compounds can cancel out the carcinogenic 
effect of tumor-producing polynuclear hydrocarbons was obtained by the 
observation that small quantities of mustard gas almost completely in¬ 
hibited the action of 1,2,5,C-dibenzanthracene.^® The tissues treated 
with mustard gas [(C 1 CH 2 CH 2 ) 2 S] became refractory to the carcinogenic 
agent, and stayed this way until the inhibitor was no longer applied 
locally. There is no indication of a chemical i-eaction between mustard 
gas and dibenzanthraccne, but the sulfide only makes the tissues tempo¬ 
rarily less susceptible to the carcinogen. 

Mustard gas is a vigorous and dangerous vesicant, and a search was 
made for analogous substances which could protect tissues from the effect 
of carcinogenic agents and lack, at least as much as possible, the blister¬ 
forming action of bis-(chloroethyl) sulfide. A few /3-chloroethylamines, 
the nitrogen mustards, were singled out for closer study. 

Compounds containing the /3-chloroethylamine grouping Cl—C— 
C—N, have been discussed in connection with their application as sym¬ 
patholytic agents (Chapter XX). They arc stable as salts only; the free 


CH 


+ 


R 2 NCH 2 CH 2 CI R 2 N 


ci- 


HM 


CH2 

(XXVII-30) 


R 2 NCH 2 CH 2 M + HCl 


bases cyclize readily with the formation of ethyleniminium ions (XXVII- 
30). The latter act as alkylating agents, introducing the group 
R 2 NCH 2 CH 2 — into a substitutable compound, MH. It is probable that 


Berenblum, J. Path. Bad., 32. 425 (1929); 34. 731 (1931); 40. 549 (1935). 
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they act by a similar mechanism in their second important pharmacody¬ 
namic behavior, namely in the arrest of malignancies. 

The two /3-chloroeUiylamines which have been most carefully investi¬ 
gated as antimitotiosare methyl-l)is-(/?-cliloroethyl)amine, CH 3 N(CH 2 CIl 2 - 
Cl )2 (XXVII-31), and tris-(/3-chloroethyl)amine, N(Cn 2 CIl 2 Cl) 3 . The 
former has been used more frequently; its non-vesicant liydrochloride is 
administered intravenously at a dose of 0.1 mg./kg. for four succe.ssive days. 

The aliphatic /3-chloroethylamines react readily with most cell con¬ 
stituents except unsubstituted sugars and fats, and they inhibit many 
enzyme systems, among them clioline oxidase, cholinesterases and pyruvic 
acid oxidase.^® 

The two clinically useful nitrogen mustards produce favorable results 
in Hodgkin’s disease, lymphosarcoma and early giant follicle lymphoma, 
especially if the lesions are so wide-spread that localized radiotherapy is 
impossible. Many other types of tumors and leukemias do not respond 
well. At best, there occurs temporary regression without lasting effects. 
The high toxicity of the j3-chloroethylamines limits their u.se, and many 
oncologists prefer radiant energy to the.se drugs as a therapeutic tool. 

f. Uretiian 

The use of urethan, CoHbOCONIIa, as a functional drug led to the 
incidental discovery of its remitting effect in leukemia.-^ Urethan is by 
no means a successful drug in any therapeutic application. Its toxicity 
is high, and interferes with the full utilization of urethan as an analgetic 
and hypnotic. It is useful at best when incorporated with quinine in 
solutions to sclerose varico.se veins. Wiien injected over long periods, 
urethan produces reduction of the white blood count in leukemia and 
other temporary improvements which can be obtained as well with deep 
X-ray therapy. Attention must be paid to experiments in rats in which 
urethan has produced lung tumors. 

Urethan has a general cytotoxic effect on chick embryo fibroblasts in 
culture. Fewer cells enter mitosis, the intensity of the effect being pro¬ 
portional to the concentration of the drug. In addition, many non-dividing 
cells show degeneration. 


g. Pteroylglutamic Acid Antagonists 

Among the most interesting researches in the field of antineoplastic 
agents are the investigations of metabolite antagonists of pteroylglutamic 
(folic) acid (XXVII-32). This compound, commonly abbreviated PGA 


2S 


Boyland, DriLJ. Pharmacol.. 1, 247 (1946). Fruton, Stein, Stahmann, and Go- 
lumbic, J. Org. Cheni., 11, 571 (1946). 

” Iladdowand Sexton, Nature, 157, 500 (1946). 
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is an essential biocatalyst for normal blood cell formation (hematopoiesis) 
in animals and for the normal respiratory functions of these cells. It also 
is a stimulatory factor for several bacteria, particularly, haciohacillus casei 
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OH 


CH 2 NH 



^CONHCHCHzCHaCOOH 


COOH 


(XXVII-32) 


and Staphylococcus faecalis. Folic acid has been used therapeutically in 
the control of certain anemias, and in tropical sprue (see Chapter XXVIII). 

During the study of PGA it was observed that certain closely related 
derivatives could reverse the actions of the vitamin. Interest in these 
compounds was heightened when two naturally occurring glutamic acid 
conjugates of PGA were found to inhibit the growth of transplanted sar¬ 
comata.^® These compounds were recognized as pteroyl-y-glutamylglu- 
tamic acid (Diopterin, XXVII-33), and pteroyl-y-glutamyl-y-glutarayl- 
glutamic acid (Teropterin, XXVII-34) respectively. 
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Diopterin produces remission of macrocytic anemia with megalo¬ 
blastic arrest of the bone marrow. It relieves pain due to tumors but does 
not cure malignancies. 

Teropterin relieves pain arising from the pressure of tumors on nerves 
in humans, and is said to have a moderate inhibitory activity on spon¬ 
taneous mammary tumors in mice. It is interesting to note that Tero¬ 
pterin is the only of the five possible pteroyltriglutamic acids which exhibits 

such activity. 

Leuchtenberger, Lewisohn, Laszlo, and Leuchtenberger, Proc. Soc. Exptl. Biol. 
Med., 55, 204 (1944). 
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The myeloid cells of the bone marrow which produce white blood colls 
depend on pteroylglutamic acid (PGA) for their normal respiratory func¬ 
tions and are the most sensitive indicators {)f pterojdglutamic acirl de¬ 
ficiency. Histological examination of the bone marrow reveals PGA de¬ 
ficiency before any other avitaminosis sj^mptoms arc observable, especially 
retardation of growth and an altered blood cell picture. It has therefore 
been suggested that PGA antagonists might be used in the control of 
leukemia originating in the malignant growth of myeloid cells. Of these 
antagonists, Aminopterin (XXVII-35) has proved the most satisfactory 
agent. It produces temporaiy remissions in acute leukemia in children.'® 
Aminopterin is 4-aminopteroylglutamic acid (XXVII-35). It was .syn¬ 
thesized from 2,4,5,6-tetraaminopyrimidine (XXVII-3G), 2,3-dibromo- 
propionaldehyde (XXVII-37) and p-aminobenzojdglutamic acid (XXVII- 
38) under the conditions described for the S 3 Uithosis of pterojdglutamic 


acid (Chapter 

XXVI11). 
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The effect of Aminopterin on transplanted tumors has been investi¬ 
gated a number of times.^^ PGA progressively cancels the inhibitory action 
of this antagonist. Aminopterin was the most marked ancl consistent 
tumor necrotizing agent in a series of more than 250 compounds which 
included carbamates, derivatives of fluorene, nitrogen mustards and qui- 
nones. It was active under conditions in which Diopterin and Triopterin 
exhibited no apparent antineoplastic activity. However, the high toxicity 


2 ® Farber, Diamoiu], Mercer, Sylvester, and WolfT, New Engl. J. Med., 238, 787 
(19-18). Meyer, Trans. N.Y. Acad. Sci., 10, 99 (1948). 

Angier el al., Science, 103, 007 (1940). Seeger, Smith, and llultquist, J Am Chem 
Soc., 69, 2567 (1947). 

Schoenbach, Goldin, Goldberg, and Ortega, Cancer, 2, 57 (1949). 
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of Aminopterin has kept this drug from becoming an important thera¬ 
peutic agent. 

A numijer of pteroylglutamic acid antagonists have been screened for 
their ability to inhibit the reproduction of microorganisms, rather than for 
their cancer growth inhibiting power. This aspect of their activity is be¬ 
ing treated in Chapter XXXII in connection with other metabolite an¬ 
tagonists. 

h. Riboflavin Antagonists 

Based on the observation that complete regression of lymphosarcoma 
implants could be obtained in mice following temporary induction of ribo¬ 
flavin deficiency,the effect of known riboflavin antagonists on tumor cells 
has been studied. Both isoriboflavin (XXXII-17) and n-galactoflavin 
(XXXII-19) make mice refractory to further implantation of tumors when 
administered in large doses. See Chapter XXXII. 

i. Miscellaneous Compounds 

So many different substances have been screened for their ability to 
necrotize tumors and to decrease the numbf^r of leucocytes in leukemia, 
that a selection appears rather futile. Most of them have been judged 
only by cytological criteria as being effective inhibitors of normal cell 
division, but some of them have been shown to retard successfully the 
growth of tumors. Acriflavine (XXVII-39) and sodium cacodylate 
(XXVII-40) belong to the first group, and the dye Auramine (XXVII-41) 
is also active against dividing cells. Another compound in which two 



(XXVII-39) (XXVII-41) 

(CH3)2As02Na 

(XXVII-40) 

basically substituted aromatic nuclei are connected in their -para- positions 
by an un.saturated bridge is stilbamidine (XXVII-42, 4,4'-diamidinostil- 
bene); its main u.se is in the treatment of human leishmaniasis (Chapter 
XXXVH) but it has also been found to arrest temporarily the spread of 
multiple myeloma, a form of bone cancer. Its analog, pentamidine (4,4- 

Stoerk and Kmerson, Proc. Soc. Expll. Biol. Med.. 70, 703 (1949). 
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(pentamethylenedioxy)dibenzamidine, XXVII-43) is as effective as stil- 
bamidine in this condition. These amidines inhibit the glycolysis of tumor 
cells. 

HN=(H2N)C<^7"'^CH==CH<^^^^C(NH2)=Nli 

(XXVI1-42) 

HN=(H2N)C<^^^"^0(CH2)60<(7""^C(NH2)=NII 

(XXVII-43) 

As in other fields involving redox systems, quinonoid compounds, or 
substances having the reducible group —(^CCH=CIICO— have shown 
activity as antimitotic agents. ^Maleic acid inhibits division of chick 
fibroblast cells at a concentration of 0.3 X lO""^ IM, but fumaric acid is 
inactive. That dehydrogenases are involved in these reactions is shown 
by the fact that 1,4-naphthaleuediol diphosphate is active at a molar con¬ 
centration of 5 X 10“^® while 1,4-naphthalenediol monohydrogen-succinate 
which can no longer be diphosphorjdated exhibits no activity 

*® Friedmann, Marrian, and Sinion-Keuss, lirit. J. Pharmacol., 3, 2G3 (1948). 
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prematurely, and for each deficiency a specific syndrome of pathological 
manifestations is observed. 

Absence of vitamins does not necessarily mean lack of these substances 
in the diet. Some individuals lose the ability to aljsorl) and utilize tlie 
essential catalysts even if their diet contains tlie normally required amounts. 
The^dministration of large doses of vitamins can sometimes overcome this 
condition; even if part of the dose is not absorbed or metabolized faultily, 
there is enough left to take over the normal function of the vitamin. At 
this point it is no longer possible to draw a line between flrugs and vita¬ 
mins. The prevention or the cure of a typical ^'itamin deficiency (avit¬ 
aminosis) by administration of vitamins is entirely analogous to the pro¬ 
phylactic or therapeutic action of a drug. 

The same analogy holds for hormonal medication. If a damaged 
endocrine gland no longer j^roduces adequate amounts of its specific hor¬ 
mones, serious metabolic disturbances of the whole organism will set in, 
usually concentrated in a cliaracteristic deficiency (liseasc. Administra¬ 
tion of the missing hormones usually ameliorates or terminates this condi¬ 
tion. Since the body may not be able to resume hoi-mone synthesis, medi¬ 
cation with the needed hormones may have to continue for an indefinite 
period. 

The distinction between vitamins and hormones on the one hand, and 
drugs on the other liand becomes even less pronounced if one considers 
that at least fourteen vitamins and nine hormones can now be manufactured 


syntheticrally, and others may be adrled to this list sliortly. Moreo\’er, 
whereas most of the vitamins are unicpie in their specificity, a few (e.g., 
vitamin K, niacinamide) can be replaced hy chemically closely related 


substances. 


This possibility can be realized 


even more in tlic series of the 


medullary adrenal, and of the steroid hormones. Here, considerable varia¬ 
tion in chemical structure can be undertaken without loss of hormonal 


specificity, and in some cases synthetic variants have proved superior to 
the natural hormones. Se\'eral of the sympathomimetic deii\’atives of 
phenethylamine, the quaternary analogs of acetylcholine, and methyl- 
testosterone can be cited as examples of drugs with improved hormonal 
activity. 


Wide structural variations are po.ssible for vitamins if not their regula¬ 
tory specificity in liigher animals, but their ability to support normal 
metabolism and reproduction of microorganisms is considered. Mono¬ 
cellular organisms, particularly bacteria, are much better equi]>ped to 
handle nutritional deficiencies than more complex plants or animals. If 
vitamins are lacking in their nutrient, they can often synthesize tlie missing 
metabolite themselves and thus create their own essential catalysts. Or 
else, their enzymes can adapt themselves to the utilization of structurally 
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related substances which have been added to bacterial culture media. 
These experiments also provide a suitable proving ground to explore the 
limits of structural variation which will still produce substitutes for natural 
vitamins. It has been possible in many cases to construct anti-vitamins 
which inhibit microbial reproduction; such compounds have provided 
guiding thoughts in the field of chemotherapy. This question W 4 JI be 
considered in detail in the chapter on metabolite antagonists. 

The literature of vitamins and hormones is extremely extensive, and it 
would be impossible to deal with the many ramifications of these biological 
factors. Only their therapeutic uses can be discussed here and those 
chemical and biochemical aspects which have attracted the attention of 
medicinal chemists in recent years. Because the synthetic and manu¬ 
facturing methods have been reviewed repeatedly, only a selection of the 
principal modes of total or partial syntheses will be shown in schematized 
form. For details, the reader is referred to the original literature. 

The excellent monograph by Rosenberg* provides almost all the in¬ 
formation on vitamins in one volume. The steroid vitamins and hormones 
have been reviewed authoritatively by Fieser and Fieser.* 

U. THE VITAMINS 
1. Vitamin A 

i^Vitamin A (Carenol, Axerophthol) occurs only in the animal organism 
and has not been found in plants. It is stored mainly in the liver, and to a 
small extent in the lungs and kidneys. It is present both as the free alcohol 
and in the form of esters of palmitic and other higher fatty acids. (The 
chie f, commercial sources of vitamin A are fish liver oils, from which the 
vitamin and its esters are now isolated by the Hickmann modification of 
molecular distillation in which the oil is spread continually as a thin film 
on carefully preheated disks rotating in a high vacuum. 

For pharmaceutical purposes, fish liver oil concentrates of high potency 
are commonly used if jnire vitamin A is not available. The oils from 
shark, halibut, cod and percomorph are among the most rewarding prod¬ 
ucts. The concentrates are virtually free from fishy taste and odor and 
provide adequate amounts of vitamin D as well as vitamin A. 

Vitamin A has the formula (XXVIII-1).^ It occurs together with its 
geometrical isomer, neovitamin A, in an approximate ratio of 1.2. 
min A is believed to have a iran.s-configuration about each double bond 

* Rosenberg, Chemistry and Physiology of the Vitamins, Interscience, New York, 1942. 

Fieser and Fieser, Natural Products Related to Phenanlhrene, 3rd ed., Rein- 

hold, New York, 1949. 

» Karrer, Morf, and Schopp, Helv. Chim. Acta, 14, 1431 (1931). 
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while in neovitamin A the double bond of the allyl alcohol group is cis. 
The isomers have been converted into each other.^ 



CIIoOPI 

(XXVIII-1) (XXVIIT-2) 

Vitamin A is accompanied, in some fish liver oils, by similar com¬ 
pounds, anhj'^drovitamin A (potency, uljout 0.005% of XXVlII-l), and 
vitamin A 2 (XXVIII-2,-^ potenej', 38% of XXVlII-l). Pure crystalline 
vitamin A and neovitarain A have a biological activity of 334 X 10^ In¬ 
ternational Units (I. U.) per gram. The V. S. P. Unit is equivalent to 
the I. U. and corresponds to the vitamin A activity of 0.6 7 of pure /3- 
carotene in a standard test. The oj)timum requirement for an average 
adult lies around 1.5 7 of vitamin A per day. 

Vitamin A has been .synthesized by a number of routes^ but only one 
recent commercial method starting from /3-ionone and methyl 7 -bromo- 
crotonate shall be represented diagrammatically in Figure 1. The overall 
yield in this synthesis is 54% of vitamin Ai based on the Cig-ketone. 

Normal nutritional recpiirements of \'itamin A are satisfied by ingestion 
of pigments of the carotene group, the so-called pro\'ilamins A which are 
transformed to vitamin A in the human or mammalian liver or intestinal 
wall. There are eleven orange to red vegetable pigments which act as 
provitamins A. The formulas of three of them are shown below (a-caro- 
tene, XXVIII-3; ^-carotene, XXVni-4; 7 -carotene, XXVIII-5). They 
suggest that fission at the central double bond is the likely mode of conver¬ 
sion to the vitamin. Since /3-carotene has a symmetrical formula contain¬ 
ing two /3-ionone rings, one would expect oxidative cleavage to produce two 
molecules of vitamin A from this pigment. This is not borne out in animal 
experiments, one /3-carotene molecule yielding only one molecule of vitamin 
A. At least two molecules of all the other provitamins are required for the 

* Robeson and Baxter, Nature, 155, 300 (1945); J. Am. Chem. Soc., 69, 136 (1947). 

Fieser, J. Org. Chem., 15, 930 (1950). 

* Kuhn and Morris, Ber., 70, 853 (1937). Karrer and Ruegger, Ilelv. Chim. Acta, 23, 

284 (1940). Isler, Huber, Ronco, and Kofler, ibid., 30, 1911 (1947). Isler et al., 

ibid., 32y 489 (1949). Van Dorp and Arens, Nature, 160, 189 (1947). 
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Figure 3. The B-Vitamins in Intermediary Metabolism 
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Not all of the B vitamins have been recognized as essential dietary 
constituents in man and in useful animals. However, further study of this 
question is needed to establish the exact physiological requirements. All 
these compounds are needed for multiplication and normal cellular func¬ 
tions of most microorganisms, and many tests for these vitamins are based 
on meas\iremcnts of bacterial requirements. 

\’itamins Bi, Bo, B 12 , niacin, pantothenic and pteroylglutamic acid 
have become important products of the pharmaceutical industry, and their 
correct medicinal application has contributed much to raise the health 
standards of large sections of the pop\ilation. 

The role of the members of the vitamin B complex in the biochemical 
cycles of glucose, i)rotcin and fat utilization has been represented in Figure 
3. For details of the Krebs cycle, Figure 1 in Chapter V should be con- 
svilted. 

a. Vitamin Bi—Thiamine 


Vitamin Bi (thiamine; foreign names, aneurin, oryzanine) occurs 
widely in the i)lant kingdom and is synthesized by bacteria and by higher 
l>lants for which it acts as a root growth hormone. Most green leaves 
contain alxnit To 7 per 100 grams, and liigher concentrations arc en¬ 
countered in seeds, in the bran and in the germ. All animals reejuire 
thiamine for the maintenance of the normal lunctions ot their nervous 
system. 'I'liiamine deficiency cau.ses loss of appetite, fatigue and gastro¬ 
intestinal disturbances: food intake is thereby reduced, and this in turn 
results in decreased .synthesis and deposition of fatty ackls. Advanced 
15 i-avitaminosis is known as polyneuritis and beriberi. It is caused by 
injuries to nerve tissues and leads to lameness, disturbances of the motor 
and .setisory ner\es, hypertrophy of the heart, and finally death from 

heart failure. 

Severe cases of thiamine tleficiency are still common in the Orient and 
are due to poor nourishment, the food consisting mainly of polished rice. 
Other causes of severe clinical 15 i-hypovitaminosis are chronic alcoholism, 
poisoning by nicotine, lead, thallium, arsenic, beryllium, mercury etc., 
and general metabolic disorganization during pregnancy. I nless they are 
too far advanced, and too many organs have been affected flcgeneratively, 
all these cases yield to administration of food rich in thiamine, or better, to 
pure thiamine in aderjuate doses. This holds also for less pronounced 
deficiencies which are quite common and are caused by unwise choice ot 
foods or destruction of thiamine by heat or alkali during cooking. n 
order to prevent wide-spread minor thiamine hypovitaminoses and their 
attendant nervous disorders, much of the bread, breakfast cereals and pre¬ 
pared foods are now enriched regularly with thiamine, for all these 
purposes, the vitamin is manufactured synthetically. 
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^ 'CH.Ni 
MCI-Nil. -Cl- 


(XVIII-7) 

The structural formula of thiamine (XX\’llI-7) was elucidated about 
15 years ago by the work of many investigators, notably, K. K. Williams 
and his coworkers. 

Syntheses of thiamine are represented schematically in Figures 4 to ().’ 
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Figure 4. Sj’nthesis of the Pyrimidine Moiety 


’ Williams and Cline, J. A>n. Chem. Soc., 58, 1504 (1930). Cline, Williams, and Finkel- 
stein, ibid., 59, 1052 (1937). Andersag and Westphal, Ber., 70, 2035 (1937). French 
Pat. 816,432. Matukawa and Ohta, U.S.Pat. 2,184,720. 
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CH3COCH2CO.2C2H5 

+ 

H2C- CIU 
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CH3COCH—CH2 CH3COCC1—CH2 

I I -S4 I I 

CO CH 2 CO CH 2 


o 

a-Acet 3 'lbutyrolactone 


UOU 


CHa 

CO 

CICIT—CHa 

no—CH2 


Thioformamicle 

(IIN=CIISH) 


V ^ 

o 

a-Acetyl-a-chloro- 

butyrolactone 


/^^CHsCHoOH 
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CH 


4-Methyl-5-^- 

hydroxyethylthiazole 


Figure 5. Synthesis of the Thiazole Moiety 

n 3 (I'T ^"iiCHo CH 2 OH 
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(see Fig. 4) 
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CII3 


(see Fig. 5) 
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CH 2 —N± 


CH2CII2OII 

CHa 


NH,-IIBr -Br- 


(XXVI 11-7-Bromide-Hydrobromide) 




N 




KSCFI=S 
-> ^ 

CIBNH. 


CHS 


NH 2 

(see Fig. 4) 


CH 2 NH 
NIB 


CICCH2CH2OH 

+ II 

HOCCH 3 
(see Fig. 5) 


Figure 6. Synthesis of Thiamine 

The human body requires about 1-3 mg. per day; variations of these 
quantities depend on the type of food from which the vitamin is obtained, 
the metabolic rate of the organism, and on other factors. Ihiamine owes 
its biological activity to its pyrophosphoric acid ester which has been 
identified with the coenzyme cocarboxylase (XXVIII-9). Ihe latter has 
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also been prepared synthetically from thiamine and salts or chlorides of 
pyrophosphoric acid, or by conversion of thiamine to the corresponding 
bromide (XXVIII-8) under the action of hydrobromic acid, and treatment 
of the bromide with silver pyrophosphate. 


N 


/S\ 


CH2N+ 


CH 2 CI-I 2 OII 

CH3 




NHsBr • Br- 


N 


CI-LNi 


CII: 


AkO 


no 


NIIaBr • Br- 

(XXVIII-8) 


POOPO(OII)2 


i 


N 

Nib 


no o- 




CIKNi 


CHsCIhOPOPOlI 

II II 

CII3 o o 


(XXVIII-9) 


Cocarboxylase is part of tlie enzyme system carboxylase which con¬ 
sists of one molecular equivalent of a protein-type apoenzyme of molecular 
weight 150,000, one molecular e<iuivalent of cocarboxylase, and 5 atoms of 
magnesium. Carboxylase occurs in yeast and many other cells, and is 
universally needed as a catalyst in carbohydrate metabolism. Acting 
through its coenzyme, it transfers phosphoric acid to and from other par¬ 
ticipants in the carbohydrate cycles (Chapter V), for example, adenosine 
triphosphate. The decarboxylation of pyruvic acid (a), and the car- 
boxylation of pyruvic acid to oxalacetic acid (b) depend on the presence of 
cocarboxylase. 


(a) CH3COCOOH ^ CH3CHO -f CO2 

(b) CPI3COCOOH + CO2 ^ HOOCCHaCOCOOH 


Since both oxalacetic and pyruvic acid are key intermediates in the 
utilization of glucose, and in the interlacing of fat and protein degradation 
with glucose metabolism, Bj-hypovitaminosis will seriously interrupt the 
whole nutritional cycle. Peripheral and polyneuritis originate ultimately 
from the lack of energy-producing reactions of glucose and its metabolic 
products in nervous tissue. 
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The most important reactions in the biological utilization of glucose 
are dehydrogenations, and thiamine takes part in these oxidative steps. 
The vitamin represents the reduced form of a reversible oxidation-reduction 
system. A thiol form (XXVIII-IO) of thiamine, in which the thiazole ring 
has been hydrogenolyzed, and a disulfide form (XXVHI-11) derived from 
it, participate in this redox system. 


r. 


N 

NIT2 




CH.X 


T-h 


CH2CH2OH OJI- H3 
CH3 N 




li 


NH2 


CH2N 


HS 

CHO 'CCH2CH2OH 

I il 

-CCH: 


(XXVIII- 7 ) 


(). 


H 


(XXVIIMO) 


H2S 


N 

X/ 

NII2 


CII2 Clio oil IIOCH2CII2 
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CIloN- CClh 


CII3C -NCH 


N 
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(xxvrii-ii) 


The disulfide (XXVIII-ll) exhibits the same biological activity as 
thiamine and only about one-fifth the toxicity of the vitamin. 

It is obvious, that the disulfide (XXVIII-ll) may owe its activity to 
the ease with whicli it can be reduced to the vitamin. The pyrophosphate 
cocarboxylase is hydrolyzable to tliiamine, and its activity can be explained 
on this basis. Any structural alteration abolishes activity, and this has 
led Williams to declare that thiamine activity is linked to a unique struc¬ 
ture. Kven such a minor alteration as substitution of hydroxyl for the 
4 -amino group in the pyrimidine nucleus leads to an inactive compound. 
To be sure, the 2-cthyl homolog of thiamine (XXVlII-12) can support 
growth of Phyomyccs,^ and in very large doses, an isomer of thiamine 
(XX\TII-13) has vitamin action.® But the.se two examples are not suffi¬ 
cient to detract from the uniqueness of the thiamine structure. 

More profound alterations, such as the replacement of the thiazole by 
the isostoric pyridine ring, produce thiamine antagonists (sec Ncopyri- 
thiamine, Chapter XXXII). This observation has stimulated consider¬ 
able interest in the field of chemotherapy since antagonists of the bacterial 


* Robbins and| Kavanagb, Froc. Natl. Acad. Sci. U. S., 24, 229 (1938). 

Karrer, Schwyzer, and Kostic, Helv. Chim. Acta, 33, 1482 (1950). 

® Andersag and Westphal, Ber., 70, 2035 (1937). 


Compare, 
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N 


NH2 


CHoNt 


CII 


N 


CII 3 


CH3 


(XXVIII-12) 


(XXVIIM3) 


growth promoting factor, ttiiamine, might cont'civahly liavc inhil)itory 
effects on pathogenic organisms. This has licen fountl to be so, but no 
useful drug has been evolved from this work. 


b. Vitamin B 2 —Riboflavin 




(1) Occurrence, Reactions and Functions 

([Riboflavin (also called lactoflavin in Europe) occurs in all plants anfl 
animal cells. The liest dietary sources are heart, liver, kidney, eggs, milk, 
yeast, green vegetables and germinated seetls. Because of its great im- 
poitance for the normal functioning of the respiratory mechanism of body 
cells, it is routinely incorporated in enriched bread. 

1 lie vitamin oj'curs in the free state in places where little or no respira¬ 
tion or fermentation occurs, sucli as in milk, urine and the retina.) Other¬ 
wise, riboflavin is encountered as phosphate ester, or combined with purine 
derivatives m the form of coenzymc molecules. The water soluble, orange- 
yellow crystalline vitamin can be purified by adsorption processes and can 
be separated from thiamine liy its staliility to autoclaving. 

The riboflavin requirements in man are smaller than those of thiamine, 
but 2-3 mg. per day are usually given therapeutically. TDeficiency of 
riboflavin m man leads to cheilosis, a cracking of the lips and corners of the 
mouth. The tongue is inflamed with a purplish'or magenta color, the 
papillae are flattened (glossitis), t he angles of th e nose appear greasy, and 
ocular symptoms such as an itching sensation, jihotophobia, loss'of dark 
adaptation, and opacity of the cornea may accompany aribofia\'inosis. 
Similar deficiency symptoms are observed in animals, in addition to anemia 
atroifliy the testicles, nervous degeneration, decreased egg production 
etc. m different species. All these symptoms are promptly improved or 
abolished by administration of riboflavin. 

Kiboflavin is (i,7-dimethyl-9-(l'-D-ril)ityl) isoalloxazine (XXVIII-14) 
Its structure and configuration was elucidated mainly by Kuhn and by 

thn-.Tnr'^ 'Tl'ese groups of workers also accomplished 

the lundamental syntheses of the vitamin. 

In the light, riboflavin rapidly loses its biological activity. The 
chemical changes accompanying this deactivation can be studied in dif- 
feient media In alkaline solution, all but one carbo,^m of the ribose 
chain are lost, and lumiflavin (6,7,9-trimethylisoallo3^e,'KXVIII-15) 
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is formed. In neutral or acid solution, 6,7-dimethylalloxazine (lumi- 
chrome, XXVIII-16) is obtained; this is probably the mechanism of the 
normal deactivation of the vitamin by irradiation. 
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Ha 
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Riboflavin is an oxidation-reduction catalyst; hydrogenation proceeds 
by a 1,4-addition mechanism, a semiquinone stage (the green chloroflavin, 
XXVIII-17) being formed first. The latter is then reduced to the colorless 
leucoflavin (XXVIII-18). Dehydrogenation of leucoflavin goes through 
the same intermediate stage. 

CH2(CH0H)3CH20H 
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These reactions occur in nature not with riboflavin itself, but with ribo¬ 
flavin-5'-phosphoric acid (riboflavin mononucleotide; cytoflave; XXVIII-19) 
and riboflavin-5'-phosphoric acid-adenine-dinucleotide (XXVIII-20) which 
is riboflavin (adenosine-5')-pyrophosphate. 


CH 2 (CII 0 H) 3 CH 20 P 0 ( 0 H) 
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(XXVIII-20) 




N 

X/' 

NHa 


The structure of the mononucleotide (XXVIII-19) has been confirmed 
by synthesis,that of the dinucleotide by enzymatic and by acid hydroly¬ 
sis. These nucleotides act as coenzymes; they are bound as prosthetic 
groups to proteins in important enzyme systems such as the yellow enzyme 
of respiration, cytochrome C reductase, xanthine oxidase, n-amino acid 
oxidase, diamine oxidase, and others. The function of these enzymes is 
hydrogen transfer, and they catalyze mainly reversible dehydrogenations 
between the niacin-containing coenzymes I and II and the iron-porphyrine 
type cytochromes. 

Another relation exists between riboflavin and the steroid hormones of 

the adrenal cortex. The latter transmit phosphoric acid to riboflavin. 

The actions of insulin and thyroxine are also interlocked with that of 
riboflavin. 


{2) Manufacture of Riboflavin 

Riboflavin is now manufactured by two different routes. Large amounts 
are needed for animal feeds since the quality of the milk of cattle, and the 

ibid., 69, 1974 

(1939),’ “ ^ Abraham, /iiochem. J.. 33, 543 
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Fig. 7. A Commercial Synthesis of Riboflavin 
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laying ability of fowl are dependent on a proper riboflavin-containing 
diet. Here, where highest purity is not recpiired, vitamin concentrates 
are used which are obtained from yeast, from bacterial growth on whey, 
and from the residues of anaerobic butanol fermentations. 

Of the several commei'cial syntheses of pure riboflavin, only one is 
presented in Figure 7 in scliematic form. Several of its main .steps have 
been suggested by the earlier synthe.ses of Kuhn and of Karrer. Tlie main 
innovations lie in the utilization of barbituric acid in place of the expensive 
alloxan in building up the isoalloxazinc ring system, and in simplifications 
of the manufacture of tetraacetyl ribose from glucose.“ 


{$) of Rihoflavin^- 


Three S 3 mthctic liomologs of riboflavin exhibit, in rats, about one-half 
the vitamin activity of tlieii- naturally occurring prototype. Tliey are 
7-meth3d-, G-methyl-, and G-eth3d-7-methyl-9-(D-l'-r)bityl)-isoalloxazines. 
A low degree of stimulating activity is obsei'ved in the l- or D-arabityl 
analogs of the vitamin, the G,7-lrimetli3-lene- and G,7-tetramethylene- 
9-L-arabityl analogs, and tlie 7-ethyl analog of riboflavin. Substitution in 
the 6- or 7-po.sitions with small alkyl groups seems to be prerequisite for 


vitamin activity. 


The unsubstituted 


ribityl-isoalloxazine derivative 



highly toxic, and substitution by two chlorine atoms in positions G and 7 
leads to a compound with antagonistic properties (Chapter XXXII). 
Replacement of the imino hydrogen in position 3 by alkyl groups produces 


completely inactive derivatives. 


c. Vitamin Bg 

Vitamin Bo has been found in many plant and animal cells where it 
occurs to a great extent as a protein or starch complex. It appears in 
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m. Soc., 69, 1487 



•• Tishler, Pfister, Babson, Ladenburg and Fleming, J. Am 
(1947). Tishler and Wellman, U. S. Pat. 2,261,608. 

Physiology of the Vitamins. Inters^ence. New York, 
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three forms, the best-knowm of which is the glycol, pyridoxine (XXVIII-21). 
The other two are the corresponding aldehyde, pyridoxal (XXVIII-22) and 
the amine, pyridoxamine (XXVIII-23). These three compounds can be 
converted into each other in metabolic processes. Phosphorylated pyri¬ 
doxal acquires reductively one molecule of ammonia to yield phos¬ 
phorylated pyridoxamine, and tlie reverse reaction, oxidative deamination, 
liberates one mole of ammonia. The latter is transferred to proteinog- 
enous keto acids which are thereby converted to amino acids for protein 
synthesis. This “transamination reaction” is reversible. Ordinarily, gly- 

NHs from 

RCOCO2H . -^ RCH(NH 2 )C 02 H + H2O 

pyridoxamine, 2(H) 

cine furnishes amino groups to keto acids and is thereby converted to 
glyoxylic acid. Pyridoxine protects rats from the toxic effects of massive 
doses of glycine, that is, from doses too large to be transaminated without 
the aid of the coenzyme. 

Pyridoxal phosphate and pyridoxamine also serve as coenzymes in the 
enzymatic decarboxylation of proteinogenous amino acids, and thus are 
essential for protein catabolism and anabolism. 

The early work on this group of vitamins centered principally on 
pyridoxine, and the drug industry manufactures this compound for thera¬ 
peutic administration by synthetic methods worked out by Kuhn, and by 
Folkers and Harris and their collaborators.^® These syntheses either build 
up the pyridine ring, or provide it by degradative reactions of isoquinoline 
derivatives. They are schematized in Figure 8. 

Like other B-vitamins, pyridoxine is needed as a metabolite by many 
microorganisms. If not supplied by their surroundings, the bacteria often 
synthesize their own needs. Ruminant animals which have a bacterial 
flora living in the rumen draw upon these symbiotic organisms as a source 
of vitamin Be. Deficiency in ^rtain domestic animals leads to spasms, 
convulsions and a specific dermatitis. It is possible that man also can 
obtain pyridoxine from his intestinal flora. However, clinical use is made 
of doses up to 2 mg. per day to counteract insomnia, vertigo, nervousness, 
morning sickness in pregnancy etc. Vitamin Be is incorporated in certain 
multiple vitamin tablets as an adjunct in the therapy of pellagra, and as a 
prophylactic of general health. 

Plarris and Folkers. J. Am. Chem. Soc., 61, 1245 (1939). Harris, Stiller, and Folkers, 
ibid., 61, 3307 (1939). Kuhn, Westphal, Wendt, and Westphal, Naturwissen- 
schaften, 27, 469 (1939). Itiba and Miti, Set. Papers Inst. Phys. Chem. Res. {To- 
kyo), 36, 173 (1939). 
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Figure 8, Syntheses of Pyridoxine 
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d. Niacin and Niacinamide 


Niacin and niacinamide are N. N. R. synonyms for the better-kno^vn 
older names, nicotinic acid and nicotinamide, respectively. Other, now 
abandoned names include pellagramine, niamid and pellagra-preventive 
(P. P.) factor. The last name indicates the medicinal function of the 
vitamins. Pellagra is a niacin deficiency which produces characteristic 
lesions of mucous membranes and of the skin in various parts of the body, 
especially those which are e.xposed to sunlight or to friction. In addition, 
gastrointestinal disturbances and in advanced stages of the disease, mental 
disorders and insanity are obser\'ed. However, pellagra is caused more 
often by a multiple vitamin deficiency and also exhibits symptoms which 
respond to thiamine and riboflavin therapy. In animals, the blacktongue 
of dogs is directly due to niacin deficiency, and can be cured by administra¬ 
tion of the vitamin. 

Niacinamide is the preferred therapeutic agent since it is tolerated 
better than the free acid, niacin; the body has the ability to convert niacin 
to its amide if the former is u.sed. The vitamin is administered in daily 
doses ()f 50 to 500 mg. for tlie treatment of various stages of the pellagra 
syndrome, and for overcoming certain toxicity symptoms incurred during 


sulfonamide therapy. 

UNO, 




1. CIbOII 

2. NH ,_ 

HOH 



(XXVI11-25) 





NaOH 

II2O2 


(XXVIlI-26) 


^^"^00011 

.^COOH 

(XXVin-28) 



(XXVIII-24) 


Nicotinic acid (XXVHI-24) derived its name from the fact that it was 
first obtained by nitric acid oxidation of the tobacco alkaloid nicotine 
(XXVII1-25). This mode of preparation which results in a destruction oi 
the pyrrolidine ring of nicotine, was used in the early years of the manu 
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facture of niacin after its vitamin nature had boon rccoj^iiized (1930-19-12). 
Since then, two commercial methods have superseded most others. ''J’liey 
are the preparation of 3-cyanoi)yridin(‘ (XX\’lII-20) via the sulfonic acid 
(XXVIIl-27), followeil by partial hydrolysis to the amide, or complete 
hydrolysis to niacin, and the oxidation of (piinoline to cpiinolinic acid 
(XXVIlI-28) followed by decarljoxylatioii in the a-p()sition. 

The mechanism of bioloj>;ical action of niacinamide is understood i)est 
if its most common naturally occui-rin^ combinations are studied. Free 
niacinamide is fouiul widely in many cells, l)ut all livin'^ cells which metabo¬ 
lize carbohydrates contain small amounts of two coenzymes wliich in turn 
owe their activity to the niacinamide moiety in their molecules. The co¬ 
enzymes are called codehyclroj^euase I or cozymase, and codehydroj^enase 
II. They con.sist of a niacinamide ‘^rouj), linked by way of a (luatei nary 
nitrogen linkage to D-ril)ose which is esteritied with adenosine di})hosj)liate 
in codehydrogena.'^e I {XX\TII-29), and with adenosine triphosphate in 
codehydrogenase II (XX^TlI-30). 
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These coenzymes participate in many of the reversible oxidation steps 
of the glucose utilization cycles and serve as hydrogen acceptors by being 
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reduced at the 1 ,2-positions of the pyridine ring. This converts the quater¬ 
nary pyridinium compounds (XXVIII-31) to tertiary 1,2-dihydropvridine 
derivatives (XXVIII-32). 

Both cozymase and codehydrogenase II have been synthesized. The 

reason for differences in the catalytic ability of the two coenzyrrifts is not 
understood. 

Weak vitamin activity is exhibited by a few derivatives of niacin which 
can conceivably be hydrolyzed to the parent acid in the body. They are, 
ethyl nicotinate (XXVIII-33), N-methylnicotinamide (XXVIII-34), N,N- 
diethylnicotinamide (Coramine, XXVIII-35) and nicotinuric acid 
(XXVIII-36). 


s^COR 


R = OCaHg (XXVIIT33) 

NHCHa (XXVIII-34) 

N(C2H6)2 (XXVIII-35) 

NHCH 2 COOH (XXVIII-36) 


Quinolinic acid (XXVIII-28) is also active and has been used clinically. 
It undoubtedly owes its activity to its in vivo decarboxylation to niacin. 
Several isosteres of niacin exhibit weak activity, particularly pyrazine 
carboxylic acid (XXVIII-37), and thiazole-5-carboxylic acid (XXVIII-38). 
Their activity is observed best when they are used as growth factors for 
microorganisms. 
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e. Pa nthothenic Acid 

Like some of the other members of the vit amin B _complex. pantothenic 
acid (Pantothen) occurs universally in animal cells, mainly bound to pro¬ 
tein. Although it is undoubtedly an essential metabolic factor, no de¬ 
ficiency symptoms in the absence of pantothenic acid from the diet have 
been observed in man. This may be due to the fact that intestinal bac¬ 
teria can synthesize the vitamin for their own needs, and incidentally pro¬ 
vide their host’s requirements. In animals, pantothenic acid deficiency is 
known; the hatchability of hens eggs is reduced, the fur of many mammals 
turns gray, and growth and reproduction are impaired. 

These symptoms are overcome by administration of pantothenic acid 
with the diet. The vitamin is marketed largely as calcium pantothenate, 
and is incorporated into vitamin B-coraplex preparations in this form as a 
prophylactic agent against general B-hypovitaminoses. 
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Pantothenic acid is normally obtained from egg yolk, liver, yeast, fish, 
milk, beef and a number of vegetable products. It was isolated from liver 
and purified by R. J. Williams and his associates’’ who also elucidated the 
structure of the compound as (2,4-dihydroxy-3,3-dimethylbutyryl)-/3-ala- 
nine (XXVIII-39). The synthesis of the compound was accomplished in 
three laboratories in 1940.’^ It is schematized in Figure 9. 
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I 
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I 
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Figure 9. Synthesis of Pantothenic Acid 


The natural vitamin is dextrorotatory, and optical resolution by way of 
strychnine salts is carried out with the lactone (XXVIII-40) before con¬ 
densation with j3-alanine. 

Naturally occurring pantothenic acid is part of the coenzyme, co- 
acetylase, which catalyzes biological acetylation reactions. It occurs in 

Williams, Weinstock, Rohrmann, Truesdail, Mitchell, and Meyer, J. Am. Chem. 
Soc., 61, 454 (1939). 

Stiller, Harris, Finkelstein, Keresztesy, and Folkers, J. Arn. Chon. Soc., 62, 1785 
(1940). Reichstein and Griissner, Helv. Chim. Acta, 23, 650 (1940). Kuhn and Wie- 
land, Ber., 73, 971, 1134 (1940). 
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coacetylase as a nucleotide containing adenylic acid.^® The structure of 
pantothenic acid is highly specific, and small and often insignificant changes 
abolish vitamin activity. Not even all compounds which could be con¬ 
verted to pantothenic acid iw vivo are active; thus, the acetate, benzoate and 
pyrophosphate esters of the primary alcohol function are inactive. Esteri¬ 
fication ot the carl)oxyl gi’oup in the /3-alanine moiety retains activity. 

A number of s^’nthetic analogs of pantothenic acid obtained by con¬ 
densation of various hydroxylactones with /3-alanine possess less than 1% 
of the activity of the vitamin. Some of their formulas are given below. 

CH3CH()IICH2CIIOIICONIICIl2CH2COOH 

IIOCIl2CH(CH3)CHOHCONHCH2CH2COOPI 

II()CIl2Cll2C(01I)(CIl3)C0NnCH2CH2C00H 

IIOCII^CIIOHCHOIICONHCIIaCPhCOOH 

IIOCCIIs) aCHOIICONnCIisCHsCOOn 

iiocn.ciisCiKtncoNiiciiaCHaCoon 

IIO(CH2).iCnoiIC()NIICH2CH2COOII 

(IKK'lIz) 2CKCll3)Cn()IIC()NnCIl2CTl2COOIi 

(XXVlII-41) 

Only one such compound, the so-called hydroxypantothcnic acid 
(XXVIII-11) has as much as one-fourth of the growth-promoting ability 
of pantothenic acid for various microorganisms. 

Some organisms can convert /3-alanine to pantothenic acid and depend 
on an external supply of the /3-amino acid for their needs. Others can 
supply the /3-alaninc portion but not dihydroxy-dimethylbutyric acid. 
S\ibstitution of structurally related compounds for these prerequisite units 
have led to inhibition of culture growth. Other antagonists to pantothenic 
acid are described in Chapter XXXII. 

f. Inositol 

Almost all plant and animal tissues contain the cyclic carbohydrate, 
mcso-inositol (XXVHI-42) either in the free state, as an alkali-labile pro¬ 
tein complex, in the form of phytin (a Ca-Mg derivative in plants), or as 
a glycoside of a phosjjhatide fraction. Several beans, seeds and citrus 
fruits provide adequate nutritional sources of the compound. 

Lipmann, Kaplan, Novolli, Tuttle, and Guirard, J. Biol. Chem., 167, 869 (1947). 
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Like other carl)ohydrates, inositol is phospliorylated Ijefore being 
utilized. Inositol phosphate forms part of the molecule of pancreatic 
amylase which catalyzes the hydrolysis of polysaccharides in the duodenum. 


Oil 
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iiyii 
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on 
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II\OII 
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HO\C)II irXH 

c—c 
H on 

(XXVlII-42) 

This is probably the way the animal or human body utilizes the compound. 
No specific avitaminosis in man lias been observed, and inositol is therefore 
not a common ingredient of nudtiple vitamin medication. Inositol de¬ 
ficiency in lalioratory animals is exju’C.ssed by dermatitis and other symp¬ 
toms resembling other R-avitaminoses. 

g. Biotin 

Biotin, formerly called vitamin II, is a vitamin which combines 
stoichiometricaUy with the protein avidin from egg white and can then 
not be absorbed througli tlie intestinal wall. C'onsequently, it aiipeared 
to early students of this “bios” factoi- tliat egg wliite was injurious to 
laboratory animals and witliheld fiom them a needed nutritional substance. 
Biotin was conceived as an anti-egg-while-injury factor until its role in 
animal metabolism became more clearly uiulerstood. It is now believed 
to be needed for biological cai bon dio.xide ti.xation in the animal organism 
in dccarbo.xylation and deamination reactions.” It also catalyzes the bio¬ 
logical synthesis of oleic acid. 

Biotin avitaminosis in man does not seem to occur spontaneously 
since the intestinal bacterial flora can .synthesize adecpiate amounts of the 
vitamin. Planned experimental biotin deficiency in man has been studied. 
Biotin is occasionally includetl in multiple vitamin tablets. Ordinarily, it 
is present in animals and plants and can be obtained as a dietaiy factor 
from fruits, vegetables, grains, yeast and liver. 

The structure of biotin was elucidated by du \'igneaud.^^ A synthesis 

” Lardy, I’otU'r, and Klvelijom, J. Biol. Chem., 169, 451 (1947). Liclistein and Um- 
breit, ibiiJ., 170, 329, 423 (1947). 

•* Gyorgy and Hose, Proc. Soc. Exptl. Biol. Med., 43, 73 (1940). 

du Vigneaud, Hofmann, and Melville, J. Am. Chem. Soc., 64, 188 (1942). 
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of the compound has been described by Folkers and his group.’*® The 
formula of biotin is represented by (XXVIH-43). 

Two key intermediates are needed in the synthesis of biotin. One is 
4-benzamido-3-ketotetrahydrothiophene (XXVIII-44), the other methyl 
7-formylbutyrate. The thiophene derivative (XXVIII-44) has been ob¬ 
tained by the following scheme. 
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Methyl y-formylbutyrate was obtained by the following steps. 
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Harris, Wolf, Mozingo, Anderson, Arth, Easton, Heyl, Wilson, and Folkers, J• 
Am. Chem. Soc., 66 , 1756 (1944); 67, 2096 , 2100 (1945). Harris, Wolf, Mozingo, 
and Folkers, Science, 97, 447 (1943). 
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Figure 10. Synthesis of Biotin 
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The keto-amide (XXViri-44) and methyl y-formylbutyrate can be 
condensed m pyridine solution to yield the a,/3-unsaturated ester (XXVIII- 
4o), the oxime of which (XX\TII-46) yields two isomeric unsaturated 
diamides (XXVIII-47 and XX\TII-48) on reduction with zinc and acetic 
acid. These two isomers can be hydrogenated to the same ester of 3-acet- 

amido-4-benzamido-tetrah3'dro-2-thiophenevaleric acid (XXVHI-49) which 
can be hydrolyzetl in two steps to 3,4-diaminotetrahydro-2-thiophenevaleric 
acid (XXVIU-50). Treatment with phosgene closes the ureide ring of 
DL-biotin (XXVHI-43). 

Racemic biotin exhibits about one-half the activity of the natural 
dextrorotatory isomer. The DL-form can be I'esolved well by salt formation 
\\ ith vaiious bases, particularly, l(-|-) arginine. Oiastereoisomers of 
DO-biotin obtainctl as by-products in the synthesis have proved to be 
physiologically inert. 

h. p-Amixobi:nzoic Acid 


The recognition of p-aminobenzoic acid (PARA), p-IIaNCBlRCOOH,^! 
as a part of the vitamin B complex followed in the wake of the observations 
by Woods and Tildes who found that PABA is an essential metabolite of 
many microorganisms, and I hat sulfanilamide owes its bacteriostatic activity 
to competition with PABA for a place in a coenzyme required for bacterial 
reproduction (see Chapter XXXIV). 

PABA occurs widely in plant and animal cells, partly free, and partly 
as a section of the pteroylglutamic acid molecule (see this). 

PABA-hypovitaminosis causes a graying of the fur of certain rats 
(“nutritional acliromotrichia”). Other symptoms resemble those encoun¬ 
tered in other B-vitamin deficiencies. X^o human avitaminosis has been 
observed. 

In chronic myeloid leukemia, P.VBA causes a profound drop in the 
total leucocyte count.-'=* 

The role of PABA as a chemotherapeutic agent in rickettsial infections 
will be discussed etsewliere in this book. PABA causes dramatic re¬ 
covery in 90% of Ro(*ky Mountain spotted fever at blood levels of 30 to GO 
mg per 100 cc.-*'' More recently, PAIkV has been superseded in its clinical 
application in rickettsias by the antibiotics, Chloromycetin and Aureomycin. 


i. Pteroylglutamic Acid 

Pteroylglutamic acid (PGA, Folic Acid, XX\TII-51) occurs in all 
green leaves, in yeast, kidney and liver, either in the free state, or as a 
peptide conjugate containing 2 or 0 extra glutamic acid groups. Its 

Ansbacher, Science, 93, 164 (1941). 

Owen, Lancet, 2, G07 (1948). 
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physiological function in animals (chicken, turkey, dog, monkey, guinea 
pig, fox, mink) is connected with the production of blood corpuscles; it is a 
hematopoietic factor. It aids in regenerating the sources of rod ])lood 
corpuscle formation, especially the bone marrow, and counteracts other 
conditions affecting hematopoiesis. The vitamin is also elfective in certain 
degenerative processes of blood cells but not nearly as much as \ itamin B 12 . 
Tropical sprue and certain nutritional anemias in man can be treated fairly 
successfully with folic acid. 

Bejmntl the.se medicinal uses, pteroylglutamic acid appears to be a 
potent component of enzyme systems which are nece.ssary for the synthesis 
and disposition of nucleic acids as they are needed in cell division. It is 
likely that PGA binct ions as a coenzyme for ribonuclease which regulates 
cell multiplication, or perhaps is a precursor of ribonucleic acid for which it 
may supply essential structural elements. In any case, pteroylglutamic 
acid is reciuired b}' many types of cells including neopla.sms and many 
bacteria. Its significance was originally recognized in a study of the 
growth rc(juiremcnts of LactohaciUns casei, and typical tests for the potency 
of PG.\, its derivatives and analogs are based on the j)romotion of the 
growth of bacteritd cultures by such compounds. 

A number of analogs of pteroylglutamic aci<l have been foun<l to exert 
a dual action on cell growth. Some of tliem suppt)rt ra])id cell division 
whereas others behave as pteroylglutamic acid antagonists and inliibitthis 
process. The latter property has arou.sed interest in the po.ssible use of 
these c(;mi)ounds as inhibitors of the spread of tumor cells. A discu.ssion 
of the.se studies may be ftnind in (’hai)tcr XX\'II. 

1 he molecule of PGA consists of three distinct regions, namely, 
I)teridine, the p-aminobenzoyl grouji, and the glutamic acid group. Some 
organi.sms leciuire pre-formed PGA, but others can synthesize their own 
needs of the vitamin provided the three .structural components are present 
among the cell nutrients. 
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Figure 11. Synthesis of Pteroylglutamic Acid*"’ 


Angier el nl. >Science, 103, 667 (1946). 
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Factors opposing the incorporation of the structural fragments can 
prevent the synthesis of PGA and thereby deprive a cell of this essential 
metabolite. The sulfonamide drugs compete with PABA for its peptide¬ 
like place in the PGA molecule, and thus inhibit bacterial cell multiplica¬ 
tion. By a similar mechanism, penicillin inhibits the utilization of glutamic 
acid in the synthesis of PGA. The theoretical implications of these bio¬ 
chemical interferences have had a far-reaching influence on chemothera¬ 
peutic thought. 

Several syntheses of PGA have been reported in recent chemical 
periodicals. Two of them are schematized in Figure 11. Commercial 
PGA is now produced by the most favorable of the.se routes. 

Two glutamic acid conjugates have the same activity as PGA for man 
and higher animals. They are pteroyltriglutamic acid (XXVIII-52), also 
referred to as Lactobacillus casei factor, and i^teroylheptaglutamic acid 
(“vitamin B^ conjugate”, XXVIII-.53). Some microorganisms, however, 
need PGA itself for most effective utilization. The triglutamate has been 
isolated from aerobic bacterial fermentation processe.s, the heptaglutamate 
from yeast. 




2i^|^ 

N 


'^^j^./'CIl2NII-p-CJ-l4CO[NHCH(COJI)Cn2CH2CO]„OII 

HO 


n = 3 (XXVIII-52) 
n = 7 (XXVIII-53) 

The specificity of analogs of pteroylglutamic acid in causing either 
vitamin, or anti-vitamin activity will be reviewed in Chapter XXXII. 


j. Vitamin B12 

Vitamin B 12 has been recognized as part of the Animal Protein Factor 
(APF) which appears to be related to, or is identical with the .so-called 
extrinisic; anti-pernicious anemia factor. The deep-red vitamin was iso¬ 
lated from liver extracts, long known to be of value in pernicious anemia, 
and also occurs in fish meal, eggs and whey. The feces of hens and cows 
contain bacteria which produce the compound. Liver extracts contain 
about 0.02% of the vitamin. 

On the assumption that certain molds which are used commercially to 
produce antibiotics might also synthesize vitamin B 12 , the mother liquors 
of streptomycin were subjected to biological screening tests. As pointed 
out in Chapter XXXVIII, streptomycin results from the fermentation of 
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glucose in corn steep liquor by the mold, Streptomyces griseus. The same 
fermentation process also yields commercial quantities of vitamin B 12 . 

Isolation and purification was carried out in the laboratories of Merck 
and Co. in the U. S. A., and by E. L. Smith and Parker in British labora¬ 
tories. We owe the partial elucidation of the structure of the vitamin to 
Folkers and his associates. 

Vitamin B 12 has the empirical formula: Cci -64 H 86-92 Co Nu O 13 P. The 
difference between vitamin B 12 and another factor of this group, vitamin 
Bi 2 c, is probably the point of esterification of the ribofuranosyl chain shown 
in (XXVIII-54) with phosphoric acid. Among the products of the acid 
hydrolysis, l-ribofuranosyl-5, G-dimethylbenzimidazole has been found in 
the foi'm of a phosphate ester. Since this ester does not contain a 1 , 2 - 
glycol group, the phosphate portion must be attached to C 2 or C 3 of the side 
chain. 




II. 1 C 




o 


NC’nCnOIICHOIICIICIl2OHC48-49H70-74CoNi2O0P 

(XXVIII-54) 


Catalytic hydrogenation of Vitamin B 12 has furni.shcd another red com¬ 
pound, vitamin Bi 2 a which has a biological activity similar to that of its 
parent compound. 

It may be significant that both vitamin B 12 , riboflavin, and L-Iyxo- 
flavin from heart muscle contain the 4,5-dimethyl-o-phenylcnediamine struc¬ 
ture (XXVIII-54a). 




IbC 




(XXVIII-54a) 


Mild hypovitaminosis Bi 2 produces lassitude, and in school children 
poor scholastic performance. More severe deficiencies lead to the classical 
syndrome of pernicious anemia. The bone marrow of anemia victims con¬ 
tains a congestion of megaloblasts, the intermetliate bodies from which red 
blood cells are formed. This congestion is relieved by doses of 0.1 mg. of 
vitamin B 12 ; pteroylglutamic acid produces the same effect in other anemias 

22 Brink and Folkers, J. Am. Ckem. Soc., 71, 2951 (1949). Folkors, Ind. Eng. News, 
28, 1634 (1050). Folkers ef a/., t5iU, 73, 335 (1951). 

22 a Brink, Holly, Shunk, Peel, Cahill, and Folkers, J. Am. Chem. 5oc., 72, 1866 (1950). 
Buchanan Johnson Mills and Todd J.Chem. Soc., 2845 (1950). 
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only at dosages of from 20 to 50 mg. Administration of vitamin B 12 also 
causes resumption of the production of leucocytes and platelets, and 
relieves tlie degenerati\’e j^rocesses of the spinal cord associated with 
pernicious anemia. The vitamin is also superior to PCIA in its elTect on 
nutritional macrocytic anemia and sprue because it is utilized directly by 
marrow cells. Animals need vitamin B 12 for normal growth, in their pro¬ 
duction of hatchable eggs, etc. The existence of a vitamin-like substance 
in the “animal protein factor” had long been suspected. Recently, 5,0-di- 
methylbenzimidazole has been found to possess about one thousandth the 
APF activity of vitamin Bi j. 


Relations of vitamin B 12 to other vitamins and hormones are becoming 
known only slowly. One significant incompatibility has been noted. A.s- 
corbic acid rapidly decomposes \'itamin Br* at room temperature.-^ On 
the other hand, vitamin B 12 reduces damage from choline-deficient diets 
in the rat. 


k. Ikon in Anemia 


Hemoglobin, cj'^tochrome, catalase and other porphyrine-protein com¬ 
plexes containing iron cannot be .synthesized by the body tissues unle.ss iron 
is available from an outside .source. Blood cells and other structures con¬ 
taining iron are constantly destroyed in the normal processes of cell metabo¬ 
lism, the liborate<l inorganic iron is excreted in part and has to be replaced. 
Anemias resulting from a lack of available iron are called hypochromic 
anemias. 

Apart from food as a normal source of iron, many iron salts and prepa¬ 
rations are on the market which are given therapeutically in hj'j)ochromic 
anemia. Ferrous .sulfate is the lea.st expensive and most readily utilized 
form of oral iron therapj' but the carbonate, citrate, soluble double salts 
etc. are also used. Even metallic iron j)Owder (“reduced iron”), given in 
capsules is of value in anemic states. Occasionally, iron compounds are 
given parenteralIj' if the oral route does not prove satisfa(*tory. 


3. Ascorbic Acid—Vitamin C 

a. Functional Reactions 

Ascorbic acid (XXVII1-55) is a water-soluble lactone containing an 
acidic enediol group and is, like other compounds of this type, easily and 
reversibly oxidizable. This property Iiad hampered progress in its isolation 
and the elucidation of its structure before measures to stabilize tlie vitamin 
became known. 

Ascorbic acid is necessary for the normal growth of many higher plants 
and microorganisms but its great significance lies in its action on the human 

” Gakenhcimer and Feller, J. Am. Phann. Assoc., 38, 660 (1949). 
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The first hemorrhagic s 5 'mptoms usually occur in the mouth, and are 
followed by loosening of the teeth. Guinea pigs afflicted with experimental 
scurvy try characteristically to raise themselves in order to relievo ju’essure 
on aching joints. Scurvy and other accompanying deficioiic 3 '’ symptoms 
can be avoided if a diet containing adecjuate amounts of a.scorbic acid 
(3 to about 10 mg./kg./day) is ingested. C’itrus juice, leaves, green vege¬ 
tables, paprika, apples etc. arc among the best dietary sources of the vitamin. 

It is interesting that onlj^ man, the other primates, the guinea pig and 
a few microbes require an external supply of ascorbic acid. For all other 
animals and plants, ascorbic acid is a hormone, that is, thej'^ are able to 
sjmthesize this essential biocatalj’st. 

Vitamin C is prescribed therapeuticall.v in cases of clinical or sub- 
clinical scurvy, in various disturbances and ulcerations of the gastrointe.sti- 
nal tract if the vitamin is poorly absorbed, in rheumatic fever, metallic 
poisonings, as an adjunct in the treatment of allergies and other conditions. 
It is widely used to improve general healtli and resistance to infections, and 
can be taken in comparatively^ huge doses since its toxicity is extremely low. 
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Figure 12. Ascorbic Acid from Glucose 
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b. Synthesis 

1 he ascorbic acid used m therapy is now manufactured almost entirely 
synthetically. Of the several laboratory and commercial syntheses, the one 
from glucose has found widest acceptance. Glucose (XXVIII-58) is hydro¬ 
genated catalytically to i>-sorhitol (XXVIII-59), and the latter is oxidized 
by acetic acul bacteria to L-sorbose (XX\7II-00). This ketose is then 
oxidized either with nitric acid, or catalytically, to 2-ketogulonic acid 
(XXVIII-61) which lactonizes in acid solution to vitamin C (XXVni-55). 

c. Analogs 

The anti.scorbutic action of ascorbic acid is not matched by any struc- 

tuially related compound unless dehytlroascorbic acid is considered which 

can be reduced to the \^itamin. Likewise, the methyl ester of 2-ketogulonic 

acid (see above) is highly active presumably because it is particularly 
readily lactonized. 

Several stereoisomers and homologs of ascorbic acid have been tested 
for antiscorbutic activit,y. Their structures and activities are tabulated 
below. Gne can conclude that carbon atom 4 which carries the diol side 
chain must have the same (d) configuration as ascorbic acifl if activity is to 
be observed. 1 hei’o must be a side chain of at least two carbon atoms 
attached to C'-4, and C-5 must contain a h^'droxyl group. All hydroxyls 
must be free. 

'lABLfy I. .Vnti.scouhutic .Vctuitv or Jso^^•:I^s and ANAi.ocis ok Ascokbic Acid 


Name 


Configuration 


Activity 


L-Ascorbic Acid 


IIOCIIz HOC 


con 


Hcoii—nc CO 

\ / 
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liocib HOC 


con 


Isoascorbic Acid 


HOCII—^IIC CO 

\ / 

o 

Clb HOC 


0.05 


con 


G-Desoxy-L-ascorbic Acid 


HCOH 


lie 


CO 


0.3 




L-Rhamnoascorbic Acid 


ILC—HCOII HOC 


COH 


HCOII-HC CO 


0.2 


{TahU CorUinued) 
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TABLE I {Continued) 


ITOCII 


L-Glucoascorbic Acid 


irOCH HOC 


coil 


0.025 


IIOCII-lie CO 


L-Fucoascorbic Acid 


Oil 

HaC—HCOII 


COil 


0.02 


nocii—Hc 


CO 


() 


i>-(.JIucoheptoascorl)ic Acid 


ciLorr 

I 

IIOCII 


IIOC^^^=COII 


IIOCII—HCOII—lie CO 

/ 

o 


0.01 


4. Vitamin P 

In luliliti.m to tiue wnrvy, .similar lie.nonliagic conditions of the skin 
I.ave l,een ob.scrvc<l which ..annot he cured by ascorbic acid. Capillary 
peimeahihty is increased, anil (he hicedings arc accompanied by pain in (he 
shoiilder.s and logs, anti by low serum calcium. The.se symptom.s can he 
prevenled or cured by admmislration of a number of flavanone glycosides 

f'actor.s'"'' I«-->'neability vitamins, or yitamin P 

Vdaniin P can he obtained in form of a crude extract from citrus fruits 
partuailarly their skin, or from paprika.-’* The aetii-e principle is called 
citnii and constitutes a mixture from which two flavanone glycosides have 
been Lsolaled, namely, hesperiilin (XX\TII-0.3) anil eriodictin(XXVHI-G4) 
Another glycoside of similar activity is Rutin (XX\TIJ-(w) which occurs 
in many flowers, sliruhs and in eured tobaeco.-^ 

Ilesiicn'dinlxSJ'rT^-* U ' if ^■'‘'''li'^tyol, and to rhamnose. 

liespci dm (XXMII-63) yields the 4'-methyl ether of eriodietyol called 

these ‘stciia Wet fn"'! ff'' '■‘f™"'’""' (XXVni-6,5) also fii’rnishes 

Ilesperidin has been reported to provitie relief in allergic and vaso- 
Griffith, Couch, and L.ndauer, Proc. Soc. Exptl. liiol. Med.. 55, 228 (1944). 
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motor rhinitis. Other clinical applications have been reviewed recently.^®® 

Rutin has been recommended for the treatment of high blood pressure 
in arteriosclerosis, angina pectoris and congestive heart failure but its 
value in these conditions has remained doubtful. 

The mechanism of the physiological action of these flavanones has 
been explained by assuming that they isomerize in the tissues to open chain 
chalcones (XXVIII-GC) which could lend themselves to quinonoid oxida¬ 
tion. The glycosides combine in the tissues with proteins and act in this 
combination as hydrogen carriers. 
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(XXVIII-66) 


5. Vitamins D 

4 

a. From 7-Dehydrocholesterol and Ergosterol 

Several compounds which are structurally related to the sterols have 
the ability to cure or prevent rickets. These factors are known as vitamin 
D as a therapeutic unit. 

as-' Saylor, Arch. Otolar., 50, 813(1949). Levitan, New Eng. J. Med., 241,780(1949). 
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Rickets is caused by insufficient ossification due toinadequatedeposition 
of calcium phosphate at the growing ends of the bones. It is more often 
observed in babies or young children wlio experience skeletal deformities 
with excessive formation of cartilage and enlargements of the junctions 
between the bones. /)-Hypovitaminosis also contributes to dental caries, 
and infantile tetany has been attributed to this deficiency. Itickets in 
adults is more uncommon; it is called osteomalacia and consists of a loss of 
calcium phosphate from the bones wliich thus become brittle. 

Vitamin D is administered routinely during jiregnancy, and to infants 
and children. The sources of virtually all the medicinally used vitamin D 
are fish liver oils; since they are also rich in vitamin A, they constitute a 
convenient mode of providing both types of fat-soluble vitamins. IJver 
oil of tuna, cod, percomoriih, shark, etc. are saponified and the A and D 
vitamins remain in the unsaponifiable non-glyceride fraction. Vitamin D 
can be concentrated by formation of insoluble esters-^* (e g the nhthalate'i 

or by molecular distillation of the fi.sh liver oils.^^ ^late;, 

The true natural antirachitic factor from tuna oil was isolated by 
Brockmann^ and was called vitamin J)^ (XX\'iri-67). It is a triene 
derived from 7-dohydrocholesterol (XX^TII-68) and is obtained from the 
latter by radiant energy, best at the wa^•e length of its maximum absorption 




(XXVni- 67 ) 

Although a fractionation analysis of cod liver oil by molecular distilla- 
^on has indicated that perhaps six different ^■itamins D are present in this 

.'■■o^terol, Cakiferol) which is derived from 
e gosterol (XXyiII-70) by irradiation. In this carefully studied process 

on identified which are pictured in Figure 13 

2, 241 (1933). 
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Although the formulas of vitamins and D 3 are so written as to 

indicate their relation to their steroid (perhydrocyclopentanophenanthrene) 

precursors, the actual shape of the molecule of viosterol is extended as 
shown by X-ray analysis.^® 

No total synthesis for either ergosterol (provitamin D 2 ) or for 7-de- 

hydiocholesterol (provitamin D 3 ) has been worked out, but the latter can 

be prepared from oholesteryl acetate (XXVni-71) by three routes two of 

wh.cli are pictured in Figure 14. The best yields of this intermediate are 
obtained by route A (page 552). 

rhe finding that vitamin D 2 and D 3 are formed by irradiation of 
stcioid derivatives put on a clearer basis the older observations that rickets 
is piev'cntcd or benefited by sunlight. Both in man and in many animals, 
tlie provitamins are concentrated largely in the skin, where they can be 
reached best by light. They all have a hydroxyl group in the 3-position 
(ring A), and a pair of conjugated double bonds in positions 5,6 and 7,8 of 
nucleus B of their sterol molecule. Irradiation with ultraviolet light opens 
ring B and produces a vinyl group at position 10. As shown in Figure 13, 
several intermediates lie in the path of the formation of the vitamins from 
the provitamins, but none of these intermediates have vitamin D activity. 
The vitamins (D 2 or D 3 ) themselves are unstable to overradiation and are 
converted to steroid products (suprasterol, pyrocalciferol etc.) of divergent 
configurations. The skin appears to possess a protective mechanism by 
which these secondary reactions are avoided in vivo. 

The best industrial method of radiant activation of ergosterol and 
7-dehydrocholesterol utilizes a mercury vapor lamp around which lies a 
quartz irradiation chamber. The provitamin D dissolved in oils or various 
solvents, best in ether, passes through the chamber in a continuous flow. 
The optimum wave lengths are equal to the maximum absorption of tlie 
provitamins, that is, 281 m/z for ergosterol and 286.7 m/z for 7-dehydro- 
cholesterol. A wave length range between 275 and 300 m/L 4 gives the best 
commercial yields of vitamin D. The energy required to produce one gram 
of viosterol from ergosterol has been calculated as 3 X 10^‘ quanta. 

Instead of irradiating pure provitamins D 2 or D 3 or their concen¬ 
trates, foods containing those substances can be irradiated successfidly to 
step up their vitamin D content. Milk, both fresh and dried, is irradiated 
on a vast scale, and “fortified” flour, yeast and cereals are also marketed. 
Even cows can be irradiated, and the vitamin D content of their milk 
reflects this activation; the animals can also be fed irradiated yeast with 
similar results: their milk now contains “metabolized vitamin D”. 

cf. Fieser and Fieser, Nalural Products Related to Phenanthrene. Reinhold, New 
York, 1949, pp. 167-183. 
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Route A30.31 



Route 

(XXVIII-71) 



(XXVIII-68) 



4 » 

1. -HBr 

[CflHftNMea) 

2. KOII 


Figure 14. 


Partial Synthesis of 7-Dehydrocholesterol from Cholesterol 


Windaus, Lettrd, and Schenck, Ann., 520, 98 (1935). Buser, Helv. Chiin. Acta, 30, 
1385 (1947). 

Fieser, Fieser, and Chakravarti, J. Am. Chcm. Soc., 71, 2226 (1949). 

Henbest, Jones, Bide, l^eevcrs, and Wilkinson, Nature, 158, 169 (1946). Buisman, 
Stevens, and Vliet, Rec. trav. chim., 66, 83 (1947). Redel and Gauthier, Bull, 
soc. chim., 15, 607 (1948). 
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The ergosterol content of foods is responsil)Ie for the formation of 
viosterol in food stuffs b 3 ’^ irradiation. Ergosterol is also manufactured as 
a provitamin D by extraction of j'east or the mycelium of the mold, As-per- 
gillus niger. \Yi\en obtained from the latter source, it often contains up 
to 5% of o:-dihydroergosterol. 

For clinical use, oil solutions of vitamin E, or solutions in propjdene 
glycol and several other solvents are being manufactured. The vitamin 
has also been dispersed colloidally in water and is incorpt)rated in emulsions, 
tablets and vitamin capsules. Since it is sensitive to oxidation in the 
presence of other irradiation products, it must be stabilized by antioxidants. 

Poultry cannot utilize provitamins J) from their food but have to be 

, suall\ in the form of fish liver oils. 


b. Other Provit.vmixs and Vitamins D 


Vitamin D 3 is considerably more potent than vio.sterol (Do), and many 
experiments have been performed to explore relations of chemical structure 
and antirachitic activity. If one irradiates various sterols which conform 
structurally to the definition of a provitamin 13 (XX^'lII-72), the corre¬ 
sponding vitamin should have tbe formula (XX\'irr- 73 ), where X repre¬ 
sents the side chain in position 17 characteristic of the respective sterol. 
The irradiation product of 22-dihydroergosterol 

^ fd(CIl 3 )(CIL 2 )-jCII(CH 3 )CdI(CH 3 ) 2 ) has become known as vita¬ 
min D 4 . It is almost as potent as vitamin D 3 and much more so than 
viosterol. Irradiated 7-dehydrositosterol 

(X = CH(CH 3 )(Cn 2 )-jCH(CaH 5 )CIT(Cn 3 ) 2 ) is al-so highly active but its 
22-dehydro derivative, 7-dehydrostigmasterol 

CHfCH 3 )CII=CHCII(C 2 ll 5 )CII(CIl 3 ) 2 ) barely exhibits activity. 
A stereoisomer of 7-dehydrocholesterol, namely, 7-dihydroepicholesterol 
^^“7 CH(CIl 3 )(CIl 2 ) 3 CII(CIl 3 ) 2 ) pos.ses.ses only about 0 % the activity 
of vitamin D 3 . As far as it is known now, the natural vitamin D 3 holds 
the undisputed position of the most active antirachitic vitamin. However, 
the irradiation of a provitamin D of unknown constitution which has been 
isolated from mussels yields a vitamin D of equally high potency. 



(XXVIII-72) 


(XXVIII. 73 ) 
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In evaluating compounds for antirachitic activity, two different 
standards had to be set up because chicks, turkeys and other poultry do not 
lespond to provitamin D as well as do mammals, and even the responses to 
^tamin and vitamin D., are not consistent. The U. S. P. Unit ot vitamin 
D measures plant-type \'itamin D and is defined as 0.025 7 of pure viosterol. 
The A. O. A. chick unit is the standard of animal type vitamin D as it is 
found in cod liver oil. One gram of vitamin D 3 corresponds to 45 X 10® 
U. S. P. units, and 08 X 10® A. O. A. C. chick units, respectively. 

There exists a relation between the effects of vitamin D and that of 
other vitamins and of certain hormones. In contrast to other vitamins, 
vitamin D is toxic in larger doses, and this toxicity syndrome is relieved by 
members of the vitamin B complex. Most apparent is the symptomatic 
similaiity of the actions of vitamin D and the parathyroid hormone. How¬ 
ever, these two lactors operate l^y different mechanisms, the parathyroid 
hormone influencing serum calcium, whereas vitamin D acts primarily on 
serum phosphate levels. vSince both biocatalysts thus produce changes of 

the (*alcium jjhosphate content of blood, tissues and bones, their effects are 
interdependent. 


6. Tocopherol—Vitamin E 

The four known tocopherols are classified under the collective name 
of vitamin K.\ Their significance in human metabolic processes has not 
been definitely Established, and almost all the biological work has been 
conducted in the rat. ^^dtamin E deficiency in this animal leads to sterility; 
this is caused in the male rat by loss of spcrmatozoal motility^degeneration 
of the spermatozoa, and pathological changes of the epithelium of the 
seminiferous tvd)es. j It leads ultimately to a loss of sex instinct. Admin¬ 
istration of tocopherol cannot rev'erse these changes. 

In the female animal, the time of development of the embryo is pro¬ 
longed and the young may be born dead if A'-hypovitaminosis is mild. ) 
More severe deficien(y leads to degeneration and resorption of the fetus but 
administration of the vitamin can still restore normal estrus and ability to 
conceive. Further avitaminosis produces irreversible pathological changes 
in the uterus, and permanent sterility. 

I The most typical symptom of E-hypovitaminosis in animals is muscu¬ 
lar dy.strophy and creatinuria, and it appears possible that similar condi¬ 
tions in man arc caused by /i'-deficiencies,|since tocopherol can be used 
succes.sfully in the treatment of muscular dystrophy. Certain cases of 
abortion and other interruptions of pregnancy also respond favorably to 
tocopherol. 


23 Association of Official Agricultural Chemists. 
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Tocopherol also inhibits gastric secretion of hydrochloric acid and 
insulin-induced hypermotility of the stomach. 

The tocopherols appear to participate as liy<lrogcn cai’riers in tlie 
oxidative cycles of muscle metabolism. Tlicir ability to absori> oxygen can 
be put to use by employing tliem as antioxidants. In descending order, 
5-, 7-, 0’, and a-tocopherol are powerful antioxidants; they ai-e used to 
stabilize fats and fatty oils against rancidity, and to protect vitamin A and 
its highly unsaturated provitamins from oxidation. Tlie latter function 
seems to be also important in vivo since in vitamin E deficiency the normal 
requirement of carotenes may have to be doubled. 

Natural sources of the \'itamins E are mainly wheat germ oil, cotton¬ 
seed oil, rice germ oil, lettuce and allalfa. Concentrates obtained by 
molecular distillation of vegetable germ oils, stabilized by hydro(juinone or 
ascorbic acid, arc used as antioxidants by the food, vitamin and pharma¬ 
ceutical industries. The source of the vitamins determines their relative 
prevalence. European wheat germ oil contains largely /3-tocopherol, while 
the American variety is richer in a-tocopherol. This ^•ariability is one of 
the reasons why the medical j^rofession prefers pure lacemic synthetic 
a-tocopherol for clinical purpo.ses. 

Vitamin E was discovered by II. Evans, the structure of a-toco¬ 
pherol was elucidated by Eernholz,^^ and its synthesis was accomplished by 
Karrer. Additional work on its chemistry and synthesis has been pub¬ 
lished in many papers by Lee I. Smith and his coworkers. 

The most widely used synthetic method is based on the condensation 
of the properly substituted alkylhydroquinone (XXVm-74) with phytyl 


CII 3 

c/\oii 


HO 


CH, 


H- 


CII 3 

CCCI-HClhCHaCIOaCIh 

CH CH, 


BrCn 


(XXVIII-74) 


(XXVIII-75) 

CH 


CH 


IL 
HO 



O 


C(CIl2CH2CH2CH)3CH3 
H2 CH3 


CH3 

(XXVIII-7G) 

60, 700 (1938). Karrer, Fritzsche, 
Rintier, and Salomon, IIclv. Chtm. Ada, 21, 520, 820 (1938). 
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bromide (XXVIII-75). Phytol or phytadiene can also be used. It is 
shown here for the preparation of DL-a-tocopherol (XXVIII-76), The 
natural tocopherols are optically active due to asymmetry in the phytyl 
chain. 

The tocoplierols arc chroman derivatives and differ from each other by 
the number and positions of nuclear methyl groups.^® 


CH3 O 

W ^ 


1' 

2' 3' 

4' 


5' 

6' 7' 

8' 


9' 

10' 11' 

12' 

13' 


no 


C—(CH2CH2CH2CH)3CH3 
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'CII 


OH 3 CH 2 

(XXVIII-77) 
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no 


^ofl2 


on 


on 


(XX vn 1-78) 


on 


on. 


^^^^^0(011201120112011)30113 


IK) 


^A /oin 
^ oin 


on 


(XXVI n-79) 


All four known tocojdierols contain a phenolic hydroxyl group para to 
the pyran oxygen. Thi.s structural function—the potential oxidizability 
to a p-(juinonoid form—is important for the antioxidant power of the 
compounds but apparently not for their vitamin activity, since a-tocopherol 
is the most effective vitamin K, the d- (XXVni-77) and 7 - (XXVni-78) 
tocopherols are onh' half as active and the 6 -compound (XXVni-79) has to 
be given in doses 100 times as high to produce the same effect in rats. Thus 
the order of vitamin activity of the four compounds is the reverse of their 
antioxidant power. 


The nomenclature of the tocopherols as proposed by Kjirrer and Fritzsche [Helv. 
Chini. Acta, 21, 1231 (1038)] regartls the vitamins as derivatives of local, the 
homolog without miclear alkyl groups in the benzene ring. The numbering sys¬ 
tem i.s indicated in formula XXVIII-77. 
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The differences in biological potency l)et\vecn the structurally different 
tocophcrols demonstrate that vitamin E activity might be encountered in 
other similar compounds as well. Many tocopherol esters are active, and 
even more active than the free phenols; this holds for the acetate, pro¬ 
pionate, butyrate and phosphate of /•ac-a-tocof)horol.^° Tliese esters are 
probably hydrolyzed slowly to the vitamins in the organism; in accoi’d with 
this concept, the non-(*lea\'able ethers of the tocophcrols are inactive. 

The tocopherol (piinones (XXN’II 1-80) which can be obtained by 
careful oxidation of the vitamins possess no activit\'. This finding throws 
some doubt on the suggestion that the vitamins E owe their antioxidant 
properties to a reversible deliydrogcnation to such quinones; if this were 
true, the latter .should be reducible to the phenolic chromans, and should 
therefore be biologically active. 

n (> CII 3 
^ II()CCi6lIs3 


/CII 2 

(XXVIIT-SO) 

Variations of both the nuclear alkyl groups and the long side chain 
have shown that vitamin E activity at small (losage levels is fairl 3 ’’ specific, 
but that weak activit 3 ' at high dosages can be produced by many com¬ 
pounds. The biological tests in the.se experiments have been performed 
mostly in rats. Tocol (XX^7rI-81) is inactive, and so is 6-desoxytocoi 

CII 3 




\ 


CCl,Il3 


my ^ CAI2 

(xxvni-81) 

C 2 H 6 


HO 


CII 3 


Wx /CH2 
^ CH 2 

(XXVIII-82) 

CH 3 


33 


CII 3 


CXXVIII-83) 


HO 


25 


\ xClh 

CH, 


H 3 C 

(XXVIII-84) 


Demole, Isler, Kingier, Salomon, and Karrer, Helv. Chitn. Acta, 22, 65 (1039) 
Karrer and Bussmann, ibid., 23, 1137 (1940). 
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Figure 15. 8orrie Compounrls with Weak Vitamin E Activity 
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(XXVIII-82); the most active alkyl derivatives are 5,7-dimethyl-8-eihyl- 
tocol (XXVIII-83) and a diethyl-methyl homolog of undetermined striic- 
ture.” 


The structure of the perhydrofarnesyl side chain cannot be altered 
without serious imj^airment of vitamin hv activity. When the chain is 
shortened by one or two dihydroisoprcne units, that is, by five (u* ten 
carbon atoms, respectively, activity is lost; introduction of unsaturation, 
or replacement of the phytyl group by methyl also result in loss of activity 
Weak activity has been found for 2-dodecyl-2,5,7,8-tetramethyl-G-hy- 
droxychroman (XXVni-84).^^ 

When doses thirty to forty times those of a-tocopherol are given, 
quite a few simple alkylated hydrocpunones, their esters and even their 
ethers, as well as the corresponding (luinones exhilut weak activity. Some 
of these hydroquinones and quinones and some simple coumai*an deriva¬ 
tives are pictured in Figure 15. While they provide certain leads for 
future work, it should be understood that many very similar but inactive 
derivatives are not listed here for lack of space. 

The last compouiul in Figure 15, naphthotocophorol, is noteworthy in 
that it exhibits vitamin E activity in medium-large doses while 12 to 24 
times this amount pi’oduces antiheinorrhagic (vitamin K) .symptoms. 
This overlapping of effects is apparentlj’’ related to the presence of the two 
structural elements, the 2-methyl-1,4-naphthohydroquinone and the toco¬ 
pherol portions of the molecule.” 


7. The Vitamins K 

a. Till-: Natural Vitamins 

Two naturally occurring derivatives of 1,4-naphlhoquinone (vitamin 
Ki and vitamin Ks), have been found to be essential nutritional components 
of enzyme systems which maintain normal coagulation time of i)lood, and 
prevent hemorrhages. In contrast to most other vitamins, their place can 
be taken effectively by a large number of structurally simpler derivatives of 
1,4-naphthoquinone or other naphthalene derivatives which can be oxidized 
readily to the corre-sponding quinones. One of them, 2-methyl-l ,4- 

Jacob, Sutcliffe, and Todd, J. Chcni. Sue., 327 (1940). Werder, Moll, and Jung, 
Z. physiol. Chem., 257, 129 (1939). Karrer and lIofTmann, Helv. Chim. Acta, 22, 
654 (1939); 23, 1126 (1940). 

Karrer el al., Helv. Chim. Acta, 21, 939, 1622 (1938); 23, 581 (1940). 

*9 John, Gvinthor, and Scluneil, Ber., 71, 2637 (1938). 

^9 For details, cf. llosenberg. Chemistry and Physiology of the Vitamins. Interscience, 
New York, 1942, pp. 449-451. 

*' Tishler, Fieser, and Wendler J. Am. Chem. Soc., 62, 1982 (1940). 
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naphthoquinone, is a more effective coagulant than the natural vitamins, 
and possesses a relatively low degree of toxicity. It has been introduced 
into clinical use under the name of Menadione. The natural K-vitamins 
contain the same structure (XX\TII-85) but carry in the 3-position a 
^-unsaturated side chain of four and six isoprene units, respectively. 



(XXVIII-85) 



(a) 

(b) 
(<0 


Menadione : II = H 

Vitamin Ki: U = Cn2CH=C(CH3)CH2[(CH2)2CH(CH3)CH2]2 

■Cll2Cll2Cn(Clh)2 

Vitamin K 2 : U = CH2[CH=C(CH3)CH2CH2]6CII=C(CH3)2 


The vitamins K affect the coagulation of blood by regulating the con¬ 
centration of prothrombin.This is the zymogen which is converted to the 
enzyme thrombin in the presence of calcium ions and a normal cell con¬ 
stituent called thrombokinase. Thrombin is the essential catalyst for the 
conversion of the soluble plasma protein, fibrinogen to the insoluble fibrin 
which forms the body of blood clots. A more detailed account of these 
processes and the many proven and hypothetical steps involved has been 
presented in Chapter X\^I, Figure 1. 


(a) Precursor of 
Prothrombin 



Vitamin 



Prothrombin 


Ca++ and 
-> 

th romho- 
kinasc 


Pdbrinogen 


Thrombin 
-> 


Fibrin 


Thrombin 


In the ab.sence of vitamin K, prothrombin cannot be synthesized, and its 
concentration drops. Prothrombin synthesis appears to be accomplished 
in the liver, since normal amounts of vitamin K do not produce adequate 
prothrombin levels in animals whose liver has been partially extirpated, or 
in individuals with liver disease. Vitamin K does not coagulate 
in vitro, and cannot be detected in prothrombin fractions; it is obvioWy 
not present in the zymogen. 

The most widely acceptefl explanation of the role of vitamin K is that 
it acts as a coenzyme in the processes leading to prothrombin synthesis. 
It would be attractive to assume that, like other quinones, it acts as a 
hydrogen carrier in reversible dehydrogenations. Indeed, other 1,4- 
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naphthoquinone derivatives (phthiorol = 2-inetliyl-3-hydroxynapiitho- 
quinone, etc.) are evolved l)y mieroorganism.s to aid in theii* respiratory 
processes. Vitamin Ko is also produced by Ijacteria including those which 
inhabit the intestinal tract of many hi«*:her animals and man. As men¬ 
tioned above, derivatives of I ,4-dihvdroxynaphthalene have vitamin K 
activity, and this definitely points to tlie possil)ility of their oxidation to the 
quinones with simultaneous lilieration of two utilizable hydrogen atoms. 
Vitamin I\ appears to pro\ ide the specific optimal conditions for the oxida¬ 
tion of sulfhydryl to disulfide j^roups;'- this may also be a critical reaction 
in the formation of clotted fibrin from .soluble fibrino«;en. 

Vitamin K deficiency and the attending? decrease of the prothrombin 
level of the blood result in a prolon<>ed blood-clotting time, that is, pro- 
longe<l bleeding, and in hemorrhages. Infants have low prothrombin 
values at birth, and the hemorrhages fre(iuently oliserved during their 
first days of life (“an best be pre\'ented by administration of vitamins Ix 
or of Menadione—to the mother before birtli and during lactation. Avi- 
taminosis-/v is rare in adults since their intestinal flora pro\-i(les the re¬ 
quirements of the host. However, in liver or gall bhulder diseases, and in 
ulcerative colitis, the vitamin may not be iiropcrly absorbed because of 
lack of bile or damage to the intestinal wall. Parenteral administration of 
the vitamins can overcome these obstacles. Vitamins K or Menadione 
are also given prophylactically to prevent jiost-operative bleeding, and to 
avoid abortive hemorrhage.s during pregnancy. 

Vitamin Ki occurs in leafy vegetables like cabbage, spinach, kale, 
cauliflower etc., but also in tomatoes, seaweed and in soybean oil. Vita¬ 
min K 2 is mainly a product of bacterial metaboli.sin. Of the many complex 
methods of isolation, the procedure of Fieser has proved most useful.-’^ 
The vitamins arc reduced to the hydrocpiinone stage by means of sodium 
hydro.sulfite, and the dihydroxy compounds are i.solated. They can then 
be rcoxidized to the (juinonoid vitamins. 

The expense of synthe.sizing vitamin Ki (see below) has made it nec¬ 
essary to use concentrates of the natural vitamins K, cspcciallj’^ those ob¬ 
tained from alfalfa, whenever Menadione cannot be used instead. A 
limited amount of pure synthetic vitamin Ki is available; vitamin K 2 has 
not been synthesized. The use of water-.soluble ilerivatives and analogs 
of the natural lipophilic vitamins K will be described below. 

The structure of vitamin Ki was elucidated by Dam, Karrer, Doi.sy, 
AlmcpiLst, Fdeser and their coworkers both by degradation and by syn- 

Bcrnhfini and Rprnfioim, J. liiol. Chem., 134, 4o7 (1940). Hauinberger, Proc. Am. 

Physiol. Soc., 18 (1941). 

Fieser, ./. Am. Chem. Roc., 61, 3467 (1039). * ^ 
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thesis.'** The structural formula of vitamin K 2 was proposed by Doisy.-*® 
The synthesis of vitamin Ki can be achieved by several similar routes. 
For example 2-methyl-l ,4-naphthoquinone, or better its hydroquinone 
(XXVHI-86), can be condensed with phytol (XXVIII-87) under mildly 
acidic conditions: if the hydroquinone is used, vitamin Ki-hydroquinone 
(XXVIII-88) is obtained and this is then oxidized to the vitamin (XXVIII- 
85b). 


on 



(XXVIII-8G) 


+ H0CH2CH=C(CH3)[(CH2)3CH(CH3)]3CH3 

(XXVHI-87) 



on 


OH 


CH3 

CH2CII=C(CIl3)[(Cdl2)3CII(CIl3)].3CH 


(XXVIII-88) 


(O) 


(XXVlH.85b) 


This synthesis and similar rnclliods are limited by the difhculty of pre¬ 
paring phytol. jihytyl bromide and other compounds necessary for the 
structure ot the long side chain. This problem lias not yet been solved 
economicallv.*''’ 


b. iMen'adionk 


The other starting material, 2-methyl-l ,4-naphthoquinone (XXVIII- 
89) is readily obtained from 2-methylnaphthalene (XXVHI-90), a by¬ 
product of the naphthalene fraction of coal tar. The compound is oxidized 
to the f(uinone by the common laboratoiy oxidizing agents or even by air 


Diini, (Jlavind, Kairrr, Karror, Kothsctiild, and Salomon, IIclv. Chim. 

Acta, 22, :U0 (10.30). I^oisy ct at., ./. Am. Chem. Sor., 61, 1205, 2558 (1939). Alm- 
arnl Klo.so, ihif/., 61, 2557 (1030). Fiosor, ibid., 61, 2550 (1939). 

Hitikley, McKoo, Thayer, and Doisy, ./. Bud. Chem., 133, 721 (1940). 

P'i.schor and Lowcnberg, .-Inn., 475, 183 (1020). 
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in good yields.**^ If necessary, 2-meth3dnap]itha!enc can also l)e prepared 
in good yield from sodium naphthalene-2-sulfonate by the scheme pictured 
below/® 

2 -CioH 7 S 03 Na 2-Ciori7CN 2-CioH7COOir 


(2-CioH7C02)2Ba 


(llC02)2li!l 


2-C10H7CHO 



o 



o 

(XXVIII-90) (XXVllI-89) 


CHo O 0 



0 0 

(XXVIII-91) (XXVIII-92) 


(XXVIII-89) 


Another convenient sjmthcsis depends on the addition of butadiene 
(XXVIII-91) to the dienophil, p-toliKiuinone (XX^'III-92) in acetic acid 
solution at 110°. The imsaturated intermediate (XXVHI-93) can be 
aromatized by chromic acid oxidation.'*^ 

Clinicians welcomed the news of the s.ynthesis of an antihemorrhagic 
vitamin but a supply' of adequate amounts of vitamin Ki appeared hope¬ 
less on the basis of the difhculties besetting the preparation of phytol. 
Several alkyl analogs, and other intermediates available from the structural 
proof and synthesis of the vitamin were therefore tested for their effects on 
speeding up prothrombin clotting time.^'’ In the course of these experi¬ 
ments, Ansbacher and Fernholz discovered that 2-methyl-l ,4-naphtho¬ 
quinone (XXVIII-89, Menadione) has two to four times the antihemor¬ 
rhagic activity of vitamin Ki.®‘ To be sure, the natural vitamins K are 


" Arnold and Larson, J. Org. Chein., 5, 250 (1040). 

« Sah, Brull, and ilolzen, Her., 73, 762 (1940). 8ali, /?ec. Irav. chirn., 59, 461 (1040). 
^9 Ostrozhinskaya, J. Gen. Ckeni. {U.S.S.R.), 16, 1053 (1946). 

60 Ahmiuist and Klose, Biochem. J., 33, 1055 (1939). Quick, J. Biol. Cheyn., 133, 78 
(1940). 

6‘ Ansbacher and Fernholz, J. Am. Chem. Soc., 61, 1924 (1939). 
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not known to be toxic even in excessive dosages whereas large overdoses 
of Menadione cause vomiting, porphyrinuria etc. But the therapeutic in¬ 
dex of this drug is so favorable (about 1:60) that Menadione has become 
the most widely used substitute for the natural products. Only few con¬ 
ditions require treatment with vitamin Ki for optimal results. 

It is interesting to speculate about the reason for the high biological 
activity of Menadione. One could imagine that the natural vitamins K 
are degraded to the simpler compound in vivo, but no experimental evi¬ 
dence for this view has been offered. An attractive hypothesis postulates 
that Menadione condenses with phytol (from dietary chlorophyll) in the 
body or in the bacterial cell to yield the natural long-chain vitamins. 

c. Other Analogs 

It has been possible to dra\v certain conclusions about the relation of 
chemical structure and antihemorrhagic activity from the large number of 
studies on this subject which may be summarized as follows. As long as 
they can be reconverted readily to the quinones, the corresponding hydro- 
quinones, their estei’s and even some of their ethers retain largely the activ¬ 
ity of the parent compounds. Using vitamin Ki as a standard, the loss 
of activity resulting from alterations of its structure is tabulated below. 

Table III lists a number of antihemorrhagically active naphthalene 
derivatives which show at least one-hundredth the activity of vitamin Ki. 
Their activity is expressed in minimum effective doses which reduce pro- 


TABIylC II. Effect of STRUcTunAf. Ai.terations on the Activity of Vitamin Ki 


Type of Structural Chango 

Activity, (Vitamin Ki « 1) 

Rojjlacomcnt of 2-0113 by higher R 

0 to 0.0017 

Replacement of 2 -CH 3 by H 

0.02 

Substitution of aromatic ring by CIb 

0 

Hydrogenation of aromatic ring 

0.008 to 0.025 

Hydrogenation of side chain 

0.12 

Shortening of side chain 

0.04 to 0.2 

Substitution of phytyl by unbranched side chains 

0.11 to 0.33 

2,3-Epoxidation 

0.8 


thrombin clotting time in 60 to 80% of vitamin K-deficient chicks to less 
than ten minutes over an 18-hour test period.^^ 

Because both the natural vitamins K and Menadione are insoluble in 
water and must be administered parenterally in oil solutions, water-soluble 
derivatives have been sought. Such substances have been found among 
compounds which can be converted to the corresponding quinones 
by oxidation, reduction, or by two step reactions involving hydrolysis and 

.Fieser, Tishler, and Sampson, J. Biol. Chem., 137, 659 (1941). 
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oxidation. The most widely used drugs in this group are 2-methyl-4- 
amino-l-naphthol hydrochloride (XX\'ni-94), sodium 2-methyl-l ,4-dihy- 
droxynaphthalene diphosphate (XXVIII-Oo), and sodium 2-methyl-l ,4- 
naphthoquinone-3-su!tonate (XX\ III-90). The useful activity of the 
latter is surprising since the introduction of a sulfonic acitl group into the 
molecule of a physiologically active drug so often abolishes all biological 
effects. 


OH 


NH 3 +C 1 - 


OPO(OH)(ONa) 


()PO(OH)(ONa) 


O 



CII 3 

SOsNa 


O 


(XXVIlI-94) 


(XXVII1-96) 


(XXVI11-95) 

In addition to naphthalene derivatives certain phenols and simple 

quinones in other nuclear series can also exert antihemonhagic activity. 

p-Xyloquinone and S-lo'droxyquinoline are examples of such compounds. 

The 2,3-epoxides of vitamin Ki (XX\'III-97) and of Menadione are 

also used as antihemorrhagic drugs. They can be prepared from the 

parent quinones by oxidation with hydrogen peroxide in an alkaline dioxane 
medium. 


(XXVIII- 

85b) 


IliO; 



ClhCll=C{Clh)[(ClU),CU(ClU)UCU 




cn 


(XXVIII-97) 

These epoxides are colorless oils and form stable 10% emulsions with 

aciueous-alcoholic solutions of glucose which are suitable for intravenous 
injections. 

The antihemorrhagic activities of some of these water-soluble deriva¬ 
tives can be compared by consulting Tables III and IV on page 566 fol- 
lowing. 
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table III. Antihemqrrhagic Activity of Some Naphthal ene Derivatives 

_Compound Minimum effective dose, y 


Vitamin Ki 
Vitamin K 2 

2-Methyl-3-farnesyLl,4-naphthoquinone 

/3,7-Dihydrovitamin Ki 
5,8-Dihydrovitamin Ki 
2-IVIcthyl-3-gcranyl-l ,4-naphthoquinone 
2-Methyl-3-cinnamyl-l, 4-naphthoquinone 
2-iMethyl-3(/3,7,7-trimcthyl-allyl)-l,4-naphthoqui none 
2,3-Dimethyl-l ,4-napiitho()uinonc 
2-IMethyl-l ,4-naphtho(iuinone (Menadione) 

2-Metliyl-l ,4-dihj'drox3’naphthaIenc 
2-Phytyl-l ,4-naphthoquinone 
2-Methyl-3-carbethoxy-l ,4-dihydi oxynaphthaleno 
2-IIydroxy-l ,4-naphthoquinone (Lawsone) 


2 -Il 3 ’drox 3 '- 3 -dimothylall 3 ’l- 1 ,4-naphtho(iuinone (Lapachol) 5 

2-MethyI-2-pliytyl-2,3-dihydro-l ,4-naphthoquinone 50 

2- Methyl-4-amino-l-napht{joI hydrocliloridc about 1 

3- Metii.vl-4-amino-l-naphthol h.ydrochloride about 1 

2 -Methyl-l-Naphth 3 ’lamine 5 

2-Mothyl-5,8-dihj*dro-l , 4 -dihydrox 3 ’naphthalene 6 

2-Mcthyl-5,8,0,10-tctrahyd ro-1,4-naphtho(|uinonc 8 

2- MethyI-l-naphthoI 1 

3 - Motli 3 d-l-naphthol 0,6 

2 - Meth 3 'l-l-totralono 0.6 

3- Motliyl-l-tetraIone 1 


1 

1.6 

5 

8 

4 

25 

25 

50 

50 

0.3 

0.5 

50 

25 

10 


TABLE IV.®2 Anti HEMORRHAGIC 

EsTER.S and Ivi’HERS OF 1 


Activity of Naphthoquinone Epoxides, 
,4-1)iiiyi)Roxynaphthalenb Derivatives 


AND 


Compound 


Minimum effective doso» y 


Vitamin Ki-2,3-oxide 1.2 

2-Meth3'l-l ,4-naphtliO(|uinone-2,3-oxide 5 

2,3-Diineth3 l-1,4-naj)hthof]uinone-2,3-oxidc 25 

Vitamin Kj h 3 'dro(iuinonc diacetate 2 

Vitamin Kj liydrocjuinone diphosphoric acid 50 

Na 2-mcth3'l-l ,4-naphtlioli3'clroquinone diphosphate 0.5 

Na 2-mcth\ l-l ,4-napiit hoh 3 'dro{iuinonc disulfate 2 

2-Meth3d-l ,4-diacctox3’naphthalenc 1 

2-Meth3’l-l ,4-dii)enzox3’naphthalene 1 

1- U3’dro.xy-2-methyl-4-mcthox3'naphthaleno 1 

2- Methyl-l ,4-dimethoxynaphthalene 5 

2-Methyl-l ,4-dibenzyloxynaphthalene 7 

Vitamin K 2 h 3 'dro(iuinone diacetate 3.2 
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d. Non-quinoid Blood Coagulants 

The coagulation of blood can be accelerated by compounds other than 
those discussed on the preceding pages. Several other vitamins and hor¬ 
mones carry out the same function although not as effectively as the com¬ 
pounds in the vitamin K group. Both ascorbic acid and vitamin J3 have 
been used in post-operative stilling of i)lceding. Epinephrine and the para¬ 
thyroid liormones decrease coagulation time, perhaps by increasing the cal¬ 
cium ion level in blood, in any case by raising the amount of thrombin and 
thrombokinase. Nor is coagulant activity restricted to biocataly.sts in the 
narrower sense of the word. The thionine dye.stuff, Toluidine lilue, 
shortens blood clotting time after radiation sickness, and the totally unre¬ 
lated nitrogen mustards (Chapter XX\’II) have a similar effect. 
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A 

Absorption of drugs, 56-57 
Acetals, quaternary, as parasympatho- 
mimetics, 371 

Acetamide derivatives, as antispas- 
modics, 433 
Acetylcholine, 363-365 

activity and structure, 365-372 
in nervous transmission, 291 
Acid groups, and biological activity, 34 
Acquired resistance, 65-72 
Activities, overlapping with antihista- 
minics, 457-459 
Activity, and basicity, 348 

biological, see Biological activitj'- 
Adenosine triphosphate, in cardiac 
disease, 222 

Administration of drugs, 55-56 
Adrenalin®, see Epinephrine 
Adrenergic activity, and stereoisomer¬ 
ism, 333-335 
and structure, 335-344 
Adrenergic amines, and blood pressure, 
319 

as analeptics, 309, 325 
as anodynes, 345-347 
in bronchospasm, 322 
pharmacology of, 319-325 
therapeutic uses of, 319-325 
Adrenergic blocking agents, 350-362 
Adrenergic drugs, 289-349 
Adrenolytics, 350-362 
Aglycones, of digitalis, 225-233 
Alcoholism, drugs for, 268 
Alcohols, as hypnotics, 129 
as local anesthetics, 112 
effect of, 33 
in convulsions, 151 
Aldehydes, as hypnotics, 130 
Aldehydes, effect of, 33 
Aliphatic amines, pressor action of, 342 
Alkaloids, in tumors, 498 
Alkyl groups, effect, 31-32 
l-Alkyl-4-phenyl-4-piperidinols, as an¬ 
algetics, 178 
Allergy, 435 


Amides, as hyjmotics, 131 
as local anesthetics, 102-105 
Amidines, as local arjcsthetics, 106 
Amines, aliphatic, activity of, 342 
antispasmodic, 413-417 
as anodynes, 345-347 
from proteins, 295 
in bronchospasm, 322 
in vitro inactivation, 325 
in vivo inactivation, 326 
pressor, useful, 296-298 
sympathomimetic, 294-349 
Amino alcohols, as analgetics, 168 
as local anesthetics, 108-112 
Aminoalkyl aryl ethers, as sympatholy- 
tics, 354 

Aminoalkyl esters, of cycloaliphatic 
acids, 429 

of aryl aliphatic acids, 424-425 
of hydroxy acids, 423 
of polynuclear acids, 429 
of tropic acid, 422 

Aminoalkyl ethers, isoquinoline, 107-108 
p-Aminobenzoic acid, 538 
Amino groups, effect of, 32 

Amino ketones, as local anesthetics, 
108-112 

Aminophenols, as analgetics, 196 
Amphetamine, see Benzedrine® 
Analeptics, 208-220 
Analgesia, see Analgetics 
autonomic interpretation of, 380 
Analgetic antipyretics, 191-205 
Analgetics, 152-207, see also Analgesia 
and h 3 ’pnotics, synergism of, 118 
atomic distances in, 387-388 
in arthritis, 206 
synthetic, 167-207 
tests for, 153 
Anaphylaxis, 435 

Anemia, see Pteroylglutamic acid, 
Vitamin B 12 , Iron 
Anesthesia, 74-81 

colloid theories of, 77 
lipid distribution theory (Overton- 
Meyer), 75-77 
spinal, 86 
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Anesthetics, as enzyme inhibitors, 77 
as medicinals, 80 
general, 73-86 
local, 87-112 
alcohols, 112 

alkylisoquinoline aminoalkjd ethers, 
107, 108 

amides, 102-105 
amidines, 106 
amino alcohols, 108-112 
amino ketones, 108-112 
application of, 89 
basic esters, 90-102, 105 
guanidines, 106 
nitrogen-free, 112 
steric elTects, and activity, 102 
tests and apj)lication, 89 
theories of action, 87-89 
urea derivatives, 106 
urethans, 105 
volatile, 81-83 

Aniline derivatives, as analgetics, 196 
Anodynes, adrenergic amines as, 345-347 
Anorexics, 265 
Antabuse®, see Alcoholism 
Antacids, gastric, 267 
Antagonists, of riboflavin, in tumors, 
508 

of thyroxine, 476 
Antergan®, 447 

Anthraquinones, as cathartics, 272-275 
Antiallergenic drugs, 440 
Antia})pctite drugs, sec Anorexics 
Antibiotics, resistance to, ^9 _ 
Anticoagulants, 256-264 ^ 

functions and uses, 256 
Anticonvulsants, 138-151 
assay of, 140 

Antidiarrhetics, sec Cotistij>ants 
Antidiuretics, 255 
Anti-emetics, 282 
Antifibrillants, 355 

Antihemorrhagic drugs, see Vitamins K 
Antihistaminic(s), 441-459 

and overlapping properties, 457-459 
ethers, 444-446 
ethylenediamines, 447-456 
monoamines, 456 
pharmacology of, 443 
phenothiazine derivatives, 455 
piperazine derivatives, 455 


thiophene derivatives, 449, 453 
useful, 450-452 
uses of, 443 

Antimitotic agents, 489, see also, Tumor 
necrotizing agents 

Antineuralgics, 197, see also Analgetics 
An tip 3 ^re tic analgetics, 191-205 
Antiseptics, uses “ 

Antispasmodic(s), 403-434 
amides, 433 
amines, 413-417 
esters, 417-432 
standards for, 405 
tests for, 402 
Antistine®, 454 
Antithrombins, 260 
Antithyroidals, 471-488 
evaluation of, 482 
Apomorphine, 169-170 
Arecoline, 374 
Arthritis, analgetics in, 206 
Aryl aliphatic acids, aminoalkyl esters 
of, 424-425 

Arylethylamines, structure and action, 
335-342 

Ascorbic acid, 543-547 
analogs of, 546 
synthesis of, 545 
Asj)irin, 202 

Astringents, in diarrhea, 270 

Atomic distances, in analgetics, 387-388 

Atropine, 417-420 

Autonomic blockade, 350-362, 393-434 
Autonomic drugs, classification of, 
289-294 

Autonomic inhibition, by analeptics, 217 
Autonomic nerves, 289-290 
stimulation of, 293 
Autonomic view of analgesia, 386 
Avertin®, in anesthesia, 85 

B 

Barbiturates, 114-129 
activity and structure, 121-129 
as anesthetics, 86 
as anticonvulsants, 141-144 
metabolism of, 127-129 
properties and activity of, 124 
synthesis of, 118-121 
Barger and Dale's studies of pressor 
amines, 294 
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Basic ethers, as antihistaminios, -14-1—i46 
Basicity, and activity of amines, 34S 
and dipole moment of amines. 34S 
Benadryl®, 444 
Benzedrex®, 311 
Benzedrine®. 300-311 
Benzocaine, 02 

Bcnzodioxane derivatives, 442 
2-Benz> limidazoline, sec I’riscoline® 
Benzylisoquinolines, -st ruolure and 
action of. 407—113 

Biolofrical aclivity, and chemical struc¬ 
ture, 27-35 

and electrojjolarity, 41-43,348 

and pliysical properties, 36-50 

and steric factors, 40, 42 

in homolofjous series, 28-20 

in structurally limited series, 30 

Biological study of druKs, <iualitat ive, 
ft ft 

(piantitative, 55 

Biosynthesis of thyroxine. 477-480 
Biotin. 535 

Bis-alkylene et h(Ms, in autonomic block¬ 
ade. 307-309 

Bis-dialkylaminoalkyl cpiinones, as cura- 
ritnimetics, 300 

Bis-(phenet h\ l) aminos, as ana 1^(0 ies, 
170 

Bis-cjuinolinium salts, in autonomic 
blockade, 307 
Biurets, as hypnotics, 133 
Blockade, autonomic, 350-362. 303-434 
i)arasyinpat hot ic. 300-434 
Blood clot, formation of. 257 
Blood pressure, 310 

Blood, see CoaKulants, Anticoagulants, 
Barenteral Fluids 
Brand names, of drugs, 6 
Bromides, in epilo])sy, 151 
Bronchospasm, and adrenei-gic amines 
322 

Butanefrinc®, 308 

C 

C.!alTeine, as analeptic, 214-215 
Ckiinjihor, 218 
Cancer, therapy of, 405 
Carcinogenesis, 490 
Carcinogenic hydrocarbons, 492 


Cardiotonic activity, and structure, 
235-238 

Cardiovascular drugs, 221-241 
Ckitechol-type jucssor amines, detoxi¬ 
cation of, 330 
Cathartic resins, 278 
C’athartics, 271-281 
anthiaujuinone, 272-275 
Cells, restricted response to drugs, 
64-72 

C’hemicals. iti carcinogenesis, 490 
Chemical structure, and biological 
activity, 27-35 

Clwunot horaj)oulics. uses of, 4 
C'hcmollierapeutic testing, 61-63 
Cdiloral. as liypnofic. 130 
/?-Chloroet h.\lamincs, as syinpatlioly- 
tics, 357-362 

Cddoroform, in anesthesia, 81 
C'hloroph.\ll. 220 
C'hlor-Trimcton®, 456 
Choleretics, 268 
Choline, 365 
Choline esters, 366-360 
Cholinergic drugs, 363-389 
Choliuestorase, inhibitors of, 374-382 
C’inchophon, iind derivatives, in an¬ 
algesia. 203 

Coagulants, non-ejuinoid, 567 
C'oagulation, see Vitamins K 
Cobofrine®, 308 
Cocaine, 90 

activity and structure of, 90 
Colchicine, as antimitotic, 408 
Colloid theories, of anesthesia, 77 
Constipants, 269-270 
bulky. 269 

Convulsions, see Kjjilepsy 
Coramine®, as analeptic. 215 
Cotoin, as constipant, 269 
C'rcosol, as expectorant, 286 
Creosote, as expectorant, 286 
Curare, 390-393 
Curariform drugs, 303-399 
Curariform onium salts, 395 
(kirarimimetics, see Curariform drugs 
Cycloaliiihafic acids, aminoalkyl esters 
of. 429 

Cycdoalkyl alkylamines, as antispas- 
modics, 416 

Cyclopropane, in anesthesia, 83 
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D 

7-DehydrocholesteroI, as provitamin 
Da, 549 

Demerold), as analgetic, 173 
as antispasmodic, 431 
structure and analgetic activity, 174 
Detoxication, of catechol-typo pressor 
amines, 330 
Doxedriiie®, 310 
Doxtran. in shock, 245 
DFF, see Diisopropyl fluorophosphatc 
Diagnostic agents, 460-470 
Diagnostics, hepatic, 466 
renal, 466 

% laminoalkoxyaryl compounds, as 
pressors, 344 

Dialkylaminoalkylaminoaryl compounds, 
as pressors, 344 

Dialkylaminoalkylt hioaryl compounds, 
as pressors, 344 

Dialkylaminornethyl henzodioxane de¬ 
rivatives, as adrenolytics, 354 
/a-Dialkylaminophenyl urethans, ph\so- 
stigmino activity of, 377 
Diatropiniurn salts, in autonomic block¬ 
ade, 398 

Dihenamine'^, 357-350 
Dicodid®, 150 
Dicumarol, 260-264 

Diethylaminoethanol. as analgetic, 100 

Digestants, 267 

Digitalis, 222-223 

Diisopropyl fluorophosi)hate, 381 

Dilaudid(K), 150 

Diparcol'^, 402 

1,2-Diphcnyl-2-aminoethanol deriva¬ 
tives, in cancer, 500-501 
Diphenylethylamines, in analgesia, 178, 
346 

Dipole moment, and basicity' of amines, 
348 

Distances, atomic, in analgetics, 387-8 
Distribution of drugs, 56-57 
Disulfones, aliphatic, as hypnotics, 135 
Diuretics, 246-255 
mercurial, 251-254 
Divinyl ether, in anesthesia, 82 
Dodd’s studies, see Diphenylethylamines 
Dose, effective, 59 
lethal, 59 


Dramamine®, 445 
Drugs, absorption of, 56-57 
administration of, 55-56 
adrenergic, 289-349 
antiallergenic, 440 
antiappetite, see Anorexics 
anticancer, see Tumor necrotizing 
agents 

antimitotic, 489 

arrangement by medicinal use, 4 
autonomic, classification of, 289-294 
brand names of, 6 
as enzyme inhibitors, 51-53 
carcinolytic, see Tumor necrotizing 
agents 

curariform, 393-399 
diagnostic, 460-470 
distribution of, 56-57 
excretion of, 56-57 
fate in organism, 60 
functional, 4 
gastro-intestinal, 265-282 
pharmacodynamic, 4 
metabolic studies of, 60 
pharmacological study of, 54-61 
(jualitative evaluation of, 55 
(luantitative evaluation of, 55 
radioactive, 468 

resistance by trypanosomes to, 70-71 
restricted response of cells to, 64-72 
spelling of, 5-7 
toxicity of, 58-59 
tumor necrotizing, 489-509 
weight-reducing, 266 

Drug tablets, enteric coating of, 58 

D 3 -es, as cancer retardants, 497 

E 

Eddy’s studies, see Morphine, Metopon 

Effective dose, 59 

Electropolarity, and biological activity, 
41-43 

Emetics, 281 

Enteric coating, of drug tablets, 58 

Enzymatic inactivation, of adrenergic 
amines, 325-333 

Enzyme inhibition, and structure, 4 
by anesthetics*, 77 
by drugs, 51-53 

Enzymes, in glucose metabolism, 53 
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Ephedrine, 304-306 
Epilepsy, 138 
Epinephrine, 301 
Epinephrine, homologs, 303 
in nervous transmission, 292 
Epinine®, 315 

Ergosterol, as provitamin Da, 550 
Ergot alkaloids, 350-353 
Eriodictin, 547 
Erythrina alkaloids, 393-395 
Essential hypertension, 320 
Esters, antispasmodic, 417-432 

basic, as local anesthetics, 90-102, 
105 

Ethanol, as analgetic, 190 
Ether(s), in anesthesia, 81 
us analgetics, 171 
basic, as ajitihislaminics, 444-446 
glyceryl, 400 

Ether group, and analgetic action, 170 
ICthylenediamine derivatives, in al¬ 
lergy, 447-456 
Ethylene, in anesthesia, 82 
Eucaine, a and 0, 91 
EucodaKg), 159 
Eupaverine®, 410 
Excretion of drugs, 56-57 
Expectorants, 283-288 
anodyne, 284 
sedative, 283 
stimulant, 284 

F 

Fluids, parenteral, 242-245 

Folic acid, see Pteroylglutamic acid 

Furmethide®, 372 

G 

Gastric antacids, 267 
Gastro-intestinal drugs, 265-282 
Genins, see Aglycones, Digitalis 
General anesthetics, 73-86 
Generic names of drugs, 6 
Glucose, metabolism of, 53 
Glyceryl ethers, as muscle rclaxants 
400 

Guaiacol, as expectorant, 286 
Guanidines, as local anesthetics, 106 

H 

Habituation, 65 

Halogens, effects on biological activity 
34 


Heparin, 258 

Hepatic diagnostics, 466 

Hesjjcridin, 547 

Heterocyclic ethylaniines, activity of, 
340 

llexctone, as analeptic, 218-219 
Hirudins, see Antithrombins 
Histamine, 435-440 
action an<l structure of, 438-440 
chemistry and uses of, 439 
in allergy and anaphylaxis, 435 
origin of, 437 

Historical develojiinent, 8-26 
Homologous series, biological activity 
in, 28-29 
Ilordenine. 315 

Hormones and vitamin.s, relations of, 
510-512 

Hydantoins, activity and structure of, 
150 

as anticonvulsants, 144-148 
as hyjmotics, 135 
sjuithesis of, 146 
Hydride displacement law, 39 
Hydrocarbons, carcinogenic, 492-3 
H 3 -droxy acids, aminoalkvl esters of, 
423 

Hypertension, essential, 320 
Hyperth 3 'roi<lism, 472 
Hypnotics, 113-137 
and analgetics, sj’nergism of, 118 
synergism of with pyrazolones, 194 
test methods of, 113 
Hypothj'roidism, 471 

I 

Inactivation, enzj’inatic, of adrenergic 
amines, 325-333 
Index, therapeutic, 59 
Inhibition, by enzymes, sec Enzyme 
inhibition 

of autonomic ganglia by analeptics, 
217 

of tumor growth, 495-509 
Inhibitors, of cholinesterase, 374-382 
of thyroxine synthesis, 482 
Inositol, 534 

Insecticides, as cholinesterase inhibi¬ 
tors, 382 

Iodides, in therapy, 480 
lodinated radiopaques, 461-466 
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lodinatcd vegetable oils, in diagnosis, 
465 

Iron, in anemia, 543 
Irritant oils, as cathartics, 280 
Isoc}uinoline, aminoalkyl ethers, as 
local anesthetics. 107-108 
derivatives, as pressors, 317 
Isosteres, 36-50 
Isosterism, 36-50 
Isuprel®, as bronchodilator, 323 

K 

Kophrine, 301 
Ketones, and activity, 33 
as hypnotics, 130 

Khellin, as coronary dilator, 238-240 

L 

Lee's .studies, see Bis-(phenethyl) amines 
Letlial dose, 59 

Local tinesth(‘tics, 87-112, see also 
Anesthetics, local 

M 

Medication, pi-ear»estlietic, 84 
Menadione®, 500. 502 
Mephentermine. 311 
Mercuiial diuretics, 251-251 
Mescaline, 312 
Mctal)olism, of drugs, 60 
of glucose, 53 

Metabolite antagonists, see Antagonists 
Motliadon, 180-184 
Mothadren, 303 
Motoi)on, 100-102 

2-Methyl-l ,4-naphtho(niinone. see Men¬ 
adione® 

Mctrazol®, as analeptic, 210 
Monosaccharides, of digitalis, 225 
Morphinan, and tleri vatives, in 

analgesia, 18.5-187 
Morphine, 157 

ether bridge in, 170 
hypotheses of action of, 165 
pharmacology of, 150 
structure and activity of, 159 
Muscarinic action, and spacial grouping, 
382-386 

Muscle relaxants, 400-402 
Mustards, see Nitrogen mustards 


N 

Naming, of organic medicinals, 5-7 
Naphthalene derivatives, antihemor- 
rhagic, 560-566 
Neoantergan®, 448 
Neohetramine®, 449 
Neosj’nephrine®, 307 
Nerves, autonomic, 289-290 
autonomic, on stimulation, 293 
Nervous structures, 78 
Nervous transmission, 79 
by acetjdcholine, 291 
by epinephrine, 292 
by norepinephrine, 292 
Ncthacol®, 307 
Niacin, 530 
Niacinamide, 530 
Nicethamide, see Coramine® 

Nicotine, 217 
Nicotinic acid, see Niacin 
Nitrites, in cardiac disease, 240 
Nitrogen-free local anesthetics, 112 
Nitrogen mustards, in tumors, 504 
Nitrous oxide, in anesthesia, 84 
NNR, nomenclature, 6 
Nomenclature, in Pharmacopoiea, 6 
NNR, 6 

of drugs l>y generic names, 6 
Non-<iuinoid blood coagulants, 567 
Norepinephrine, in nervous transmis¬ 
sion, 292 

Nupercainc, 102-105 

O 

Oils, irritant, as cathartics, 280 
terpenoid, 284 

Onium salts, curariform, 395 
Opiates, 157 

Opium, as constipant, 269 
Opium alkaloids, 157 
Organic medicinals, naming of, 5-7 
Orthoxinc®, 314 

Ovcrton-Mcyer theory, of anesthesia, 
75-77 

Oxazolidonediones, as anticonvulsants, 

148 

P 

PARA, see p-Aminobenzoic acid 

Pain, 152 
relief from, 152 
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Panpartit®, 402 

Pantothenic acid, 532 
Papaverine, 405-413 
analogs, 410 

benzyl group of, ami activity, 407-413 
ether groups of, and activity, 407-413 
in analgesia, 170 
manufacture of, 405-406 
structural variations of, 407-413 
uses of, 407 

variation of rings of, 412 
Paraldehyile, as hyi)noli(r, 130 
Parasympalhelic blocking agents, 300- 
434 

Parasyjnjjathetic stimulants, 3G3-3S0 
Paretlrine®, 313 
Parenteral fluids, 242-245 
Peptic ulcer, and (luateinary salts, 371 
Pervitine®, 312 
PGA, see Ptcroylglutamic aci<l 
Pharmacodynamics, see Drugs, func- 
t ional 

Pharmacological study, of drugs, 54-01 
Phnnnacopoica, nomenclature, 6 
Plienanthrene <lerivatives, as analgetics, 
167 

Phonolphthalein, as calliartic, 275 
structure and cathartic activity, 276 
Phenols, activity of, 33 
Phenothiazine derivatives, in allergy, 
455 

0-Phenoxyethylamines, activity of, 345 
Phenylallcylamines, as analgetics, 346 
Phcnylethylencdiamines, in broncho- 
sjjasm, 323-324 

2-Phcnylindancdione, in coagulation, 204 
4-Phenyl-N-met hyli)ipori»lijio deriva¬ 
tives, in spasm, 432 

Phosphate insecticides, as anticholin¬ 
esterase drugs, 3S2 

Phtlialidy land noalkanes, as analgetics, 
189 

Physical proi)erties, and biological ac¬ 
tivity, .36-50 

and sympathomimetic action, 347-349 
Physostigmino, 374-376 
Physostigmine activity of w-dialkyl- 
aminophenyl urethans, 377 
Pilocarpine, 373 
Picrotoxin, as analeptic, 210 
Piperazine derivatives, in allergy, 455 


4-Piperidinol derivatives, as analgetics, 
177 

Podophyllin, in catharsis, 279 
in tumors, 503 

Polyc^’clic dcrivat i ve.s, as analgot ics, 
167-168 

Polynuclear acids, aminoalkyl esters of, 
429 

Polyvinylpyrrolidone, as retjuding ve¬ 
hicle. 244 

in j)arenteral lluirls, 243 
Potentiation of j)rt*ssoi- elTocts, 321 
Preanest hotic implicat ion, 84 
Pressor action, of aliplialic aminos, 342 
of heterocyclic etliylamines, 340 
Pressor amin(‘s, aliphatic, 342 
catechol-typc, detoxication of, 330 
useful. 296-208 

Pressor drugs, as analeptics, 219 
Pressor effects, potentiation of, 321 
Pressure, of blood, 319 
Priscoline®, 317, 356 
Privino®, 317 
Procaine, 04 

changes in ring, and activity of, 08 
side chain and activity of, 100 
structural variations and activity of, 
95-102 

Progonins, see Digitalis 
Projiadrinc®, 307 
Piogstigmin®, 376-379 
Ptcroylglutamic acid, 538 
antagonists of, in tumors, 505-508 
Purines, as diuretics. 248-251 
I’yrazolones, as analgetics, 191-106 
synergism with hypnotics, 194 
Pyribenzamine®, 448 
Pyridonos, as hy|)notics, 135 
Pyridoxino, 527 

/3-Pyridylisoj)ropylamines, as analgetics, 
188 

Pyrrolidones, as hypnotics, 135 

Q 

Quaternary acetals, as parasympatho- 
mimetics, 371 

Quaternary ammonium ions, as cho- 
linergics, 370 

Quaternary salts, in peptic ulcer, 371 
Quinoline derivatives, as analgetics, 203- 
205 
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Radiation, in tumor therapy, 503 
Radioactive drugs, 468 
Radioactivity, in tumor therapy, 503 
Radiopaques, inorganic, 460 
iodinatcd, 461-466 
Ratio, therapeutic, 59 
Renal diagnostics, 466 
Resins, cathartic, 278 
Resistance, acquired, 65-72 
of trypanosomes to drugs, 70-71 
to antibiotics, 69 
to sulfonamides, 67-68 
Restricted response of cells to drugs, 
64-72 

Retarding vehicle, see Polyvinylpyr¬ 
rolidone 

Riboflavin, 523-527 
analogs of, 527 
antagonists, for tumors, 508 
manufacture of, 525-527 
(S), meaning of, 6 
Rutin. 547-548 

S 

Salicylates, as analgetics, 200 
Salicylic acid, in coagulation, 262 
Salol, 200 

Salts, in parenteral fluids, 242 
quaternary, in peptic ulcer, 371 
Scopolamine, as antispasmodic, 417 
as hypnotic, 136 
in anesthesia, 84 

Sedatives, 113-137, see also Hypnotics 
Sera, in cancer, 495 
Sex hormones, in cancer, 496 
Small’s studies, see Morphine, Alctopon 
Spatial grouping, and muscarinic action, 
382-386 

Sparteine, in heart disease, 241 
Spasms, causes of, 402-404 
Spelling, of drug names, 5-7 
Spinal anesthesia, 86 
Steric effects, and muscarinic effects, 
382-386 

in local anesthetics, 102 
Steric factors, and biological activity, 
40, 42 

Stereoisomerism, and adrenergic ac¬ 
tivity, 333-335 


Stimulants, parasympathetic, 363-389 
Stimulation, of autonomic nerves, 293 
Structure, and adrenergic activity, 335- 
344 

and cardiotonic activity, 235-238 
and enzyme inhibition, 4 
chemical, see Chemical structure 
Strychnine, 213 

Sulfonamide drugs, resistance to, 67-68 
Suprifine®, 308 
Sympatholytics, 350-362 
S3'mpathomimetic action, and physical 
properties, 347-^9 
Sympathomimetic amines, 294-349 
basicity and activity of, 348 
Synergism, of analgetics and hypnotics, 
118 

T 

Tachyphylaxis, 65 
Terpenoid oils, as expectorants, 284 
Tetraalkylammonium salts, as choliner- 
gics, 370 

Tetraethylammonium ion, 370 
Tetrazoles, as analeptics, 212 
Theobromine, 214 
Theophylline, as analeptic, 214 
as diuretic, 248-250 
manufacture of, 248-250 
Thephorin®, 457 
Therapeutic index, 59 
Thiamine, 518-523 
biochemistry of, 521-522 
manufacture of, 519-520 
Thiazolidonos, as hypnotics, 135 
Thiobarbiturates, 86, 126 
Thiophene derivatives, in allergy, 449, 

453 

Thiouracil, action of, 487 
as antithyroidal, 485-486 
derivatives of, 485 

Thioureas, as antithyroidals, 483-484 
Thymol, as expectorant, 286 
Thyroid, physiology of, 471 
therapy, iodides in, 480 
Thyroid hormone, see Thyroxine 
Thyroxine, action of, 471, 475 
antagonists of, 476 
biosynthesis of, 477-480 
—listry of, 472 
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Thyroxine {continued) 

synthesis, inhibitors of, 482 
Tojicl poisons, 234 
Tocopherol, 554-559 
Tolcrjince, 66 
Toxicity of drugs, 58-59 
Toxins, in cancer therapy, 495 
Trade names, 6 
Transmission, nervous, 79 
Tridion®, in analgesia, 190 
Ttimeton®, 456 

Tropane derivatives, as local anesthe¬ 
tics, 90 1 

Tropic acid, aniin<^lkyl esters. 422 
Tropine, esters of, 420 
Trypanosomes, resistance to drugs, 70-71 
Tumor, growth inhibition of. 495-500 
Tumor necrotizing agents, 489-500 
tests for, 495 
terminology of, 480 
Tyramine, 205, 314 
urea, in diuresis, 246 

U 

Urea derivatives, as diuretics, 247 
as hyi)notics, 132 
as local anesthetics, 106 
Ureidcs, in epilej)sy, 141-142 
Urethan(s), as analgetics. 197 
as cholinesterase iidiibitors. 374-380 
as hypnotics, 133 
as local anesthetics, 105 
in tumors, 505 

V 

Vasoconstriction, local, 321 
Vegetable oils, iodinated, in cliagnosis 
465 


Vehicle, retarding, see Polyvinylpyr¬ 
rolidone 

Veratruin alkah)ids, 238 
Verilol®, 314 
Vioslerol. sec Vitamin Uj 
Viroid agents, and tumors, 494 
N'isnagin, 238-241 
Vitamin(s), 5iO-.5G7 
and hormones, in medicine, 510-512 
Vitamin A, 512-516 
Vitamin 13 conij)lex, 516 
\ itamin Bj. see Thiamine 
\ itamin 13., see Riboflavin 
\ itamin Be. see l^,\ ridoxine 
N'itamin B| 2 , 541 
\ itamin C, see Ascorl)ic acid 
\‘itamin(s) D, 548-554 
activity and structure, 553 
\ itamin D^. fiann ergoster(jl, 551 

\ itamin iJj, from 7-dohydrocholesteroI, 
549 

Vitamin 10, see Tocopherol 
Vitamin(s) K. 559-506 
activity and structure, 564, 566 
analogs of. 564 
natural, 559 
Vitamin P. 547 
\'onedrine®. 312 

W 

Weight-reducing drugs. 266 

X 

Xanthines, as atialeptics, 214 
Xanthines, as diuretics, 248-251 

Y 

Yohimliine, 353 
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